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A relationship between the sulphur valence of a melt and f 02 has been 
determined. The relationship has been used to determine the f O2 conditions under which 
melt inclusions were trapped in andesitic magmas before magma mixing, and of a 
slowly cooled pyroclastic flow in which Fe-Ti oxide phases have re-equilibrated. The 
results help distinguish two trends in lavas from Lascar Volcano: In one, the melt fO2 is 
buffered by iron redox ratio, while in the other f02 is buffered by S02-H2S in a co- 
magmatic vapour phase. 
The behaviour of sulphur was experimentally investigated in hydrous phonolitic 
and rhyolitic melt at 930 °C and 0.5 to 4 kbar. Pyrrhotite is stable under reducing 
conditions in both melts, and immiscible FeS sulphide liquid is stable under certain 
conditions of pressure and f S2 at 5 log units above the Ni-NiO buffer. Anhydrite and S- 
rich sodalite are the usual magmatic S-bearing phase under oxidising conditions in 
rhyolitic and phonolitic melts respectfully. Melt sulphur content is positively correlated 
with f 02 and f S2. pressure has no significant effect for the conditions investigated. A 
thermodynamic model has been derived that successfully reproduces the results of this 
study and of a previous study. The partitioning of sulphur between vapour and melt is a 
function of f 02, f SZ, phase stabilities and mass balance constraints. 
Sulphur solubilities and f02 were determined for a suite of back arc basin basalts 
(BABB). The BABB samples follow two trends: those with low values of f02 have high 
S contents, whereas more oxidised samples have lower sulphur contents. The solubility 
behaviour can be described by sulphide-sulphate melt-vapour equilibria. The f02 of the 
oxidised samples implies that subducted material was incorporated into their magmatic 
source, a hypothesis supported by major and trace element studies of the samples. 
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Chapter 1 Introduction - The Importance of Sulphur 
Chapter 1 Introduction - The Importance of Sulphur for the 
Global Climate 
The role of sulphate aerosols in climate change has been emphasised recently in 
publications of estimates of the direct (Kiehl and Briegleb, 1993) and indirect (Boucher 
and Lohmann, 1995) radiative forcing of sulphate and sensitivity studies with climate 
models (Taylor and Penner, 1994; Mitchell et al., 1995; Roeckner et al., 1995). The 
contribution of sulphur dioxide (SO2) degassed from volcanoes is estimated to be only 
10% of the total sulphur output, 75% coming from anthropogenic sources (Bates et al., 
1987). However, most volcanoes are in remote areas, where the aerosol load is low and 
therefore the formation of new particles more likely than in the polluted regions where 
most of the anthropogenic sources originate. Additionally, the proximity of many 
volcanoes to the oceans increases the impact on the radiative fluxes, since maritime 
clouds are more strongly affected by sulphate aerosols than continental clouds (Platnick 
and Twomey, 1994). Weakly explosive and silent volcanism play a greater role in the 
atmospheric sulphur cycle and in radiative forcing than expected from the emission 
inventories, and that the volcanic sulphate burden and resulting radiative forcing is at 
least comparable to the anthropogenic sulphate burden (Graf et al., 1996). The actual 
volcanic sulphate burden could be much greater than the estimated 10%, as high-quality, 
long-term degassing data are not available for the over 360 volcanoes which are known 
to be actively degassing (only a few volcanoes, such as Vesuvius and Etna receive 
continuous monitoring). For the volcanoes which degassing data are available, the 
accuracy is suspect due to the high degree of spatial and temporal variability noted in the 
measurements (Kyle, 1994; Graf et al., 1996). 
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Among the volcanoes whose emissions of SO2 are the greatest, or which have 
significant climatic effects are those whose magmas are alkaline in composition, 
principal among these being the Italian volcanoes of Etna, Stromboli, Vesuvius and 
Vulcano (which are estimated to provide over 10% of the global budget of volcanic SO2 
(Allard et al., 1994)), and Mount Erebus (quantities degassed are very important for the 
Antarctic climate (Kyle, 1994)). Catastrophic eruptions also have the ability to inject 
enormous quantities of sulphur as S02 into the stratosphere (e. g. Bluth et al., 1993). For 
example the June 15th, 1991, eruption of Mount Pinatubo injected a minimum of 17 Mt 
of SO2 into the stratosphere, forming the largest stratospheric SO2 cloud ever observed 
(Gerlach et al., 1996). Other recent eruptions known to have emitted significant 
quantities of SO2 include El Chichon (Luhr et al., 1984) and Volcan Lascar, Chile 
(Andres et al., 1991). It has been possible to actually characterise the sulphur emissions 
of these recent volcanic eruptions due to remote-sensing methods such as the Total 
Ozone Mapping Spectrometer (TOMS) on board the NASA Nimbus 7 satellite (Krueger 
et al., 1995). 
Since it is not possible to continuously monitor the emissions of volcanoes due to 
a lack of resources and manpower, petrologists have used the difference in melt sulphur 
concentration between glass inclusions and matrix glass to estimate the amount of 
sulphur degassed from the volcano during an eruption (Devine et al., 1984; Palais and 
Sigurdsson, 1989). This method assumes that all the sulphur degassed from a volcano 
during an eruption was originally hosted in the silicate melt of the magma, and so the 
difference between the sulphur content of undegassed pristine melt inclusions and 
degassed matrix glass yields an estimate of the amount of sulphur lost from the silicate 
melt. By scaling this quantity to the volume of the eruption, the fraction of rock in the 
2 
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ejecta (which is an important consideration if the ejecta consists of a large quantity of 
pumice) and the density of the magma the mass of sulphur degassed or emitted during 
the eruption can be estimated. This method is the only one available for directly 
quantifying the sulphur yield of volcanic eruptions which occurred before the advent of 
remote-sensing techniques. Sulphur yields of past eruptions have also been estimated 
from acid spikes in ice core records, which have proved to be of great assistance in 
correlating major pre-historic volcanic events with global climate change (Hammer et 
al., 1980; Legrand and Delmas, 1987; Zielinski et al., 1994; 1996a; 1996b; Zielinski, 
1995). Sulphur yields based on ice core methods have disagreed with those from 
estimated by the petrologic method in some cases (e. g. Palais and Sigurdsson, 1989), but 
large errors associated with the former method hindered the solution of the problem. 
However, recent large volcanic eruptions (e. g. Mt Pinatubo, El Chichon, Lascar) which 
have been observed by TOMS have left no question about the existence of an excess 
sulphur yield to that predicted by the petrological method. The TOMS based sulphur 
yields of these eruptions have typically exceeded the estimates of the petrologic method 
by 1-2 orders of magnitude (Andres et al., 1991; Gerlach and McGee, 1994; Gerlach and 
Westrich, 1994; Wallace and Gerlach, 1994; Gerlach et al., 1996; Self and King, 1996). 
To discover the reasons for this discrepancy numerous experimental studies have been 
performed to investigate the behaviour of sulphur in dacitic to rhyolitic magma types 
(Carroll and Rutherford, 1985; 1987; Baker and Rutherford, 1996a; Clemente, 1998; 
Scaillet et al., 1998; Scaillet and Evans, 1999), and to determine the source of this excess 
sulphur (Andres et al., 1991; Gerlach and McGee, 1994; Gerlach and Westrich, 1994; 
Wallace and Gerlach, 1994; Gerlach et al., 1996; Self and King, 1996; Keppler, 1999). 
Various models have been proposed for the origin of the excess sulphur. These include 
3 
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the decomposition of anhydrite in the magma (Devine et al., 1984; Baker and 
Rutherford, 1996a; Rutherford and Devine, 1996), magma mixing (Matthews et al., 
1992; Kress, 1997a), and the presence of a sulphur-bearing fluid phase coexisting at 
depth with the magma prior to eruption (Luhr et al., 1984; Luhr, 1990; Andres et al., 
1991; Gerlach and McGee, 1994; Gerlach and Westrich, 1994; Wallace and Gerlach, 
1994; Gerlach et al., 1996; Scaillet et al., 1998; Keppler, 1999). A growing body of 
evidence for fluid-saturated magmas in arc settings has lent support to the later 
hypothesis (Sisson and Grove, 1993; Wallace et al., 1995). However, whilst we know 
something of the solubility behaviour of sulphur in hydrous trachyandesitic to rhyolitic 
magmas (Carroll and Rutherford, 1985; 1987; Luhr, 1990; Clemente, 1998), only one 
thermodynamical model has been proposed which attempts to describe the sulphur 
solubility behaviour of these magma types (Clemente, 1998). 
The majority of experimental studies of sulphur solubility in melts of 
compositions of geological interest have concentrated on tholeiitic basalts and calc- 
alkaline andesites to dacites at one atmosphere (e. g. Haughton et al., 1974; Katsura and 
Nagashima, 1974; Buchanan et al., 1983). However, a vast body of data has been 
acquired from studies of iron slag systems and experiments with binary and ternary 
oxide melts (Richardson and Withers, 1950; Richardson and Jeffes, 1952; Turkdogan 
and Pearson, 1953; Fincham and Richardson, 1954; Richardson and Fincham, 1954; 
Turkdogan, 1955; Ramachandran et al., 1956; St. Pierre and Chipman, 1956; Carter and 
Macfarlane, 1957a; 1957b; Dewing and Richardson, 1958; 1960; Abraham et al., 1960; 
Abraham and Richardson, 1960; Kalyanram et al., 1960; Sharma and Richardson, 1961; 
1962; 1965; Turkdogan and Darken, 1961; Grieveson and Turkdogan, 1962; Turkdogan 
and Pearce, 1963; Nagamori and Kameda, 1965; Pearce and Beisler, 1965; Holmquist, 
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1966; 1968; Nagashima and Katsura, 1973; Papadopoulos, 1973; AI'mukhamedov and 
Medvedev, 1979; Schreiber et al., 1989). The available data show a correlation between 
sulphur solubility and melt FeO content in reduced mafic magmas, and large variations 
in sulphur solubility and speciation in more evolved compositions as a function of redox 
state. Experiments in simple binary and ternary silicate systems at one atmosphere 
suggest a correlation between sulphur content, sulphur speciation and alkali abundance 
(Nagashima and Katsura, 1973; Papadopoulos, 1973). The study of Clemente (1998) 
demonstrated the importance of fS2, in controlling melt sulphur solubility, and provided 
a basis for a general thermodynamic model of sulphur in silicate melts. The only studies 
(Ducea et al., 1994; 1999) of sulphur solubility behaviour in a phonolite suggests that 
sulphur solubility in phonolitic melts is higher than in rhyolitic ones. 
In this study, I first aim to provide an empirical relationship for the interaction 
between the oxygen fugacity and speciation of sulphur in glasses that will allow oxygen 
fugacitites to be determined in magmas which lack the phase assemblages necessary to 
calculate this parameter by the more normal methods of Fe-Ti oxide compositions (Frost 
and Lindsley, 1992; Lindsley and Frost, 1992) or from olivine-spinel pairs (Ballhaus et 
al., 1991), or whose phase assemblage is out of equilibrium. 
In Chapter 3, I use the method for determining magmatic oxygen fugacity from 
sulphur speciation to determine the oxygen fugacity for a suite of basalts from the Lau 
Back Arc Basin. The results obtained, in conjunction with their sulphur solubilities and 
the results of previous studies (Danckwerth et al., 1979; Falloon et al., 1992) allow 
constraints to be placed on the behaviour of sulphur in back-arc basin volcanics and on 
the nature of the magmatic source rock of the samples, which has potential implications 
for the source of Island Arc Volcanics. 
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Chapter 4 is concerned with a thorough experimental investigation of the sulphur 
solubility in natural rhyolitic and phonolitic melts. The solubility of sulphur, its variation 
with composition, the effect of sulphur on the phase assemblage, the stability of sulphur- 
bearing phases, and the partitioning of sulphur between melt and a coexisting vapour 
phase are investigated. The goal of the chapter is the development of a thermodynamic 
model that allows the determination of the sulphur content of a silicate melt under 
specified conditions. This model would enable the magmatic fS2 of past volcanic 
eruptions to be determined, which in conjunction with data on the fugacities of other 
volatiles would help to constrain the volatile history of past eruptions, possibly leading 
to more accurate estimations of past volcanic sulphur emissions. The study of sulphur 
behaviour in a phonolitic composition will enable a better understanding of the role of 
alkaline magmatism in transporting sulphur to the atmosphere, which is already known 
to be important from measurements of the quantities of SO2 degassed from alkaline 
volcanoes (Allard et al., 1994; Kyle, 1994). Finally, in Chapter 5 the solubility of 
sulphur in a melt of andesitic composition is investigated at one atmosphere. This study 
enables a qualitative determination to be made of the activity of oxygen in anhydrous 
melts of this composition. 
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Chapter 2 Effect of f OZ on Sulphur Speciation 
Published in Mineralogical Magazine, June 1999, vol. 63, pp 421-431 as: 
Empirical calibration of the sulphur valence oxygen barometer from natural and 
experimental glasses: method and applications 
Matthews, Steve J., Moncrieff, Duncan H. S., Carroll, Michael R. 
2.1 Abstract 
New data on sulphur speciation and magmatic oxidation state for Central Andean 
volcanic rocks, in combination with published data for experimental and natural 
samples, allow derivation of a simple relationship between magma oxidation state and 
sulphur speciation. For a number of highly oxidised Central Andean volcanic rocks the 
f02 has been calculated using magnetite-ilmenite or olivine-spinel pairs and the sulphur 
valence in glasses measured by the peak shift of S ka X-rays relative to a pyrite standard. 
Previously published experimental and natural data have been incorporated with a wider 
range in f 02 and S valence. The variation in sulphur speciation (as SZ- or S042) as a 
function of log f 02 is described by an empirical polynomial fit which reproduces the 
data to within ± 0.5 log units and allows use of electron microprobe measurements of the 
S ka wavelength shift for estimation of magmatic oxygen fugacities. This approach is 
applicable for f02 between QFM-2 and QFM+6, encompassing most terrestrial magmas. 
It has been used to calculate the f O2 conditions under which melt inclusions were 
trapped in andesitic magmas before magma mixing in two Central Andean volcanoes, 
and to calculate the oxygen fugacity of a slowly-cooled pyroclastic flow in which the 
Fe-Ti oxide phases have subsequently re-equilibrated. In combination with Fe-Ti oxide 
7 
Chapter 2 Effect of f 02 on Sulphur Speciation 
data, two distinct trends emerge for Lascar Volcano. Basaltic andesite-andesitic magma 
chambers follow T-f02 trends of increasing f02 with decreasing temperature, indicative 
of buffering of f02 by S02-H., S in a co-magmatic gas phase. This trend continues into 
the metamorphic aureole of the magma chamber, resulting in highly oxidised (close to 
magnetite-hematite) conditions. 
2.2 Introduction 
In natural systems the speciation of sulphur is mainly dependent on magmatic 
oxidation state (e. g. Katsura and Nagashima, 1974; Carroll and Rutherford, 1987; 1988). 
Other factors which can influence the speciation of sulphur are melt composition 
(Nagashima and Katsura, 1973), and sulphur fugacity (Clemente, 1998). Below QFM-2 
(i. e. 2 log10 units below the position of the Quartz-Fayalite-Magnetite buffer as defined 
by O'Neill, 1987) sulphur exists almost entirely in the form of sulphide, but with 
increasing f02 sulphate becomes increasingly abundant. There is a rapid increase in the 
proportion of sulphate in the range QFM+1 to QFM+2, with 90% of the total dissolved 
sulphur as sulphate by QFM+3 (Carroll and Rutherford, 1988). This is consistent with 
the stable occurrence of anhydrite phenocrysts in oxidised (>_ QFM+2) calc-alkaline 
magmas (Luhr et al., 1984; Drexler and Munoz, 1985; Carroll and Rutherford, 1987; 
Luhr, 1990; Matthews et al., 1994a; 1994b). Published experimental data (Carroll and 
Rutherford, 1988), data from natural back-arc magmas (Nilsson and Peach, 1993), and 
oceanic basalts (Wallace and Carmichael, 1994), have been supplemented in this paper 
by analyses of sulphur speciation in glass inclusions from Andean rocks whose oxygen 
fugacity has been determined from mineral equilibria. Glasses have been analysed from 
two Central Andean Volcanic Centres: Lascar Volcano (23°22'S, 67°44'W), an active 
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andesitic-dacitic stratovolcano; and Cerro Overo, a young basaltic maar crater about 20 
km SE of Lascar. The dataset can be described by a simple polynomial equation relating 
the f02 of the magma to the sulphur speciation in glass. 
2.3 Determination of Sulphur Speciation in Glasses 
Sulphur speciation was determined using the wavelength shift of the S ka peak 
relative to a pyrite standard as measured on an electron microprobe (EMP) in the manner 
of Carroll and Rutherford (1988). The wavelength shift of S ka X-rays from sulphide (S- 
) to sulphate (S042-) has previously been measured by X-ray fluorescence as 1.33 eV 
(Faesler and Goehring, 1952) and by EMP as 1.43 eV (Kucha et al., 1989), 1.47 eV 
(Kucha and Stumpfl, 1992) and 1.41 eV (Matthews et al., 1994a); the variation in the 
EMP measurements is within the analytical error of the technique. In this study a JEOL 
JXA-8600 electron microprobe was used, equipped with 4 wavelength dispersive 
spectrometers (WDS) (two having PET crystals, 2d=8.742A), and controlled by the Link 
Systems Specta Program. An accelerating voltage of 15 kV and a beam current of 30-50 
nA were used (except for native S, Na2SO3 and Na2S2O5 for which it was reduced to 5 
nA), with a spot size of 5 to 15 pm. For each spectrum, the pyrite standard was also 
measured in order to minimise errors associated with the reproducibility of the 
spectrometer position. The peak shift of the S ka radiation from galena, pyrite, sulphur, 
sodium sulphite, sodium bisulphite and barite standards was also measured relative to 
pyrite using the same method, with spectra fitted by the Specta peak-seek program. 
Figure 2.1 shows the wavelength shift of S ka radiation, measured relative to pyrite, for 
the standards. Multiple analyses of each standard were performed. The variation about 
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zero of the pyrite data represents the scatter of the measurements due to the mechanical 
drift of the spectrometer. The relation between S speciation (V) and the peak position 
relative to pyrite in eV (P) was derived from a linear regression of the data in Figure 2.1: 
V=5.75 (±0.08) P-1.11 (±0.04) 2-1 
which indicates that the peak shift from sulphide to sulphate is 1.39 ± 0.03 eV, in 
agreement with previous measurements (Kucha et al., 1989; Kucha and Stumpff, 1992; 










Peak - Pyrite, eV 
n- F-' 
Figure 2.1 The relationship between the speciation of sulphur and the shift in the 
peak position of S Ka X-rays relative to that of pyrite in eV for standards with 
known sulphur speciation. 
The low sulphur content of glass inclusions precludes use of the automated 
Spectra peak-seek routine for location of peaks and therefore a more sensitive, manual 
approach was adopted (fitting the spectra of the standards manually gave the same 
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results as using the automatic method). A spectrometer scan was carried out across the 
entire peak from 2318.44 to 2300.97 eV using 50-100 intervals and counting for 25 to 30 
seconds per interval. The same method was used for the pyrite standard but count times 
were reduced to 5 seconds per step. For both sample and standard measurements a 
background interval either side of the peak was measured from 2406.29 to 2391 eV and 
2275.29 to 2262.29 using 10 intervals for each side, with the same count times as for the 
peak. A straight line was fitted to the background data and subtracted from the complete 
spectrum in order to eliminate the background slope from the peak. A Gaussian curve 
was then fitted to the peak with position, half-width and height as free parameters. The 
uncertainty in peak position for S poor degassed matrix glasses (S < 150 ppm) is usually 
unacceptably high, often exceeding the sulphide-sulphate peak shift. However, 
undegassed glass inclusions typically have much higher S contents than the matrix 
glasses and therefore provide more samples that are suitable for determining pre- 
eruptive sulphur speciation and concentration. 
2.4 Oxygen Fugacity Determinations 
Oxygen fugacities of magmas have been calculated using either magnetite- 
ilmenite pairs (Frost and Lindsley, 1992; Lindsley and Frost, 1992) or using olivine- 
spinel pairs (Ballhaus et al., 1991). For rapidly cooled rocks (i. e. pumice and scoria) 
containing coexisting Fe-Ti oxides, 10-20 grains of both magnetite and ilmenite were 
analysed, and the magnetite and ilmenite were tested for equilibrium using Mg/Mn 
partitioning (Bacon and Hirschmann, 1988). Results are presented in Table 2.1. The 
olivine-spinel oxygen barometer was used for olivine basalts from Lascar and Cerro 
Overo at assumed temperatures of 1050 to 1150°C (range of temperatures obtained by 1- 
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pyroxene thermometry; Frost and Lindsley, 1992; Lindsley and Frost, 1992) and 
pressures of 3-10 kbar. No significant pressure or temperature effects have been found in 
the calculation of OQFM over this range. For both the Lascar and Cerro Overo samples, 
a variation in calculated f02 was observed with changes in olivine composition (Table 
2.2). For the Cerro Overo basalt, the f 02 is positively correlated to mole percent 
forsterite in olivine (Fo). In contrast, the olivine basalt from Lascar shows a negative 
correlation (Figure 2.2). Straight lines were fitted to the data and used to calculate the 
fO2 for glass inclusions by analysing the olivine host adjacent to the inclusion (since not 
all olivines which contained glass inclusions also contained spinels, and the spinels often 
occurred in different regions of the host olivine to the glass inclusions). The use of a 
straight line to fit the data is without justification, though the data of Ballhaus et al. 
(1991) suggests a positive correlation between the Fo content of olivine and fO2 at 
constant temperature. The negative trend of LA124 suggests that the calculation of the 
f02 assuming a constant temperature of 1100°C is flawed; similarly, the scatter in the 
data of SM9436 probably reflects variations in the temperatures at which the olivine- 
spinel pairs equilibrated (Ballhaus et al., 1991). Nevertheless, we expect the fO2 yielded 
by this first-order approximation to be accurate to within 0.5 log units (1.0 log unit at 
worst). 
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" SM9436 Basalt, Cerro Overo 
--m LA124 Olivine Basalt, Lascar 
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Figure 2.2 fO2 relative to the QFM buffer, calculated using olivine-spinel pairs 
(Ballhaus et al., 1991), as a function of the forsterite content of olivine. 
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Table 2.1 Calculated temperatures and oxygen fugacities of three evolved rocks 
from Lascar Volcano and Cerro Tumisa using Fe-Ti oxide pairs. 
Sample Description Temp °C log f o, LQFM 
LASCAR 
April 19 
LAS182 2-Px. Andesite 895 -10.41 2.44 
Soncor Flow 
LAS 191 Hbl. Dacite 860 -10.60 2.91 
LAS57 Hbl. Dacite 898 -10.11 2.69 
TUMISA 
SM9410 HbI. -Bt. dacite 816 -11.25 3.15 
SM9411 Hbl. -Bt. dacite 849 -11.60 2.13 
Table 2.2 Calculated oxygen fugacities for olivine-spinel pairs from two Andean 
olivine basalts. 
SAMPLE Fo (Olivine) f02 (1100°C) &QFM 
Lascar 
LA 124 
01 core 0.864 -8.20 1.47 
01 core 0.864 -8.58 1.08 
01 core 0.864 -8.60 1.06 
04 core 0.861 -7.87 1.79 
09 core 0.830 -7.70 1.97 
09 rim 0.819 -7.82 1.84 
09 rim 0.819 -7.92 1.75 
Co. Overo 
SM9436 
02 0.860 -7.37 2.29 
03 0.851 -8.88 0.78 
03 0.851 -7.96 1.70 
04 core 0.841 -9.31 0.35 
04 rim 0.829 -8.72 0.94 
04 rim 0.829 -8.80 0.86 
05 0.826 -8.86 0.80 
05 0.826 -8.94 0.72 
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2.5 Results 
For glass inclusions in olivines from Cerro Overo (Sample SM9436) there is a 
correlation between olivine composition and sulphur valence (Figure 2.3). The fO, of 
these olivines ranges from QFM+0.5 to QFM+1.5, and their glass inclusions display a 
wide range in sulphur valence, consistent with the change in sulphur valence over this 
range of fO, as noted by Carroll & Rutherford (1988). For the Lascar olivine basalt 
(Sample LA124) the olivines with Fo > 80 have calculated oxygen fugacities around 
QFM+2.5 (Figure 2.3). 
" SM9436 
  LA124 
f LA124 with pyrrhotite 
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Figure 2.3 Comparison of mole fraction S as S04 2- in glass inclusions in olivines 
against fraction of olivine as Fo, for the olivines. 
However, glass inclusions in the more Fe-rich olivines from Lascar with higher 
calculated oxygen fugacities yield progressively lower sulphur valences. This is 
probably related to the observation of tiny secondary magnetite and iron sulphide 
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minerals in the glass inclusions, and we consider them unreliable for determination of 
primary S speciation. 
For more evolved, oxidised (QFM+2 to 3), anhydrite-bearing Lascar magmas 
with Fe-Ti oxide data the measured sulphate content is around 70 to 85%, in agreement 
with the data of Carroll and Rutherford (1988). All results are presented in Table 2.3. 
The entire dataset for natural and experimental glasses can be described by a polynomial 
equation of the form (Figure 2.4): 
OQFM = a. S5 + b. S4 + c. S3 + d. S2 + e. S + f. 2-2 
Where S is the mole fraction S as sulphate = (V + 2) / 8, 
V is the valence of sulphur in the sample; 
a= 227.55, b= -532.83, c= 464.77, d= -186.88, 
e= 36.563 and f= -1.8793 (R2 = 0.857) 
This equation is applicable over a wide range of magma composition with oxygen 
fugacities between QFM-2 and QFM+6 but is most useful between QFM-1 and QFM+3. 
The region with a low slope (QFM+1 to QFM+2) provides the highest accuracy because, 
in this region, the calculated f 02 is relatively insensitive to the measured sulphur 
speciation. It can only be applied, however, to magmas whose glass inclusions contain 
sufficient sulphur to accurately measure the S ka x-ray peak position (at least 150 ppm S 
needed, and for accurate results >500 ppm S. 
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Table 2.3 Measured sulphur valence of glass inclusions and calculated oxygen 
fugacity of either host olivines from olivine-spinel pairs or whole rock from Fe-Ti 
oxides. 






Glass l Olivine 0.08 ± 0.10 0.99 O1-Sp 
Glass2 Olivine 0.25 ± 0.14 1.38 01-Sp 
Glass3 Olivine 0.79 ± 0.04 1.38 O1-Sp 
Glass4 Olivine 0.56 ± 0.05 1.17 O1-Sp 
Lascar: Soncor 
Flow. 
LA 124 Olivine 
basalt 
Glass5 Olivine 0.83± 0.04 2.10 01-Sp 
Glass? Olivine 0.81 ± 0.05 1.99 O1-Sp 
Glass8 Olivine 0.88 ± 0.04 2.04 01-Sp 
LAS 191 Hbl. Dacite 
Glass 12 Hornblende 0.77 ± 0.11 2.91 Mtt-Ilm 
Lascar: April 1993 
Eruption 
LAS 182 2-Pyroxene 
Andesite 
GlasslO Pyroxene 0.82 ± 0.10 2.44 Mtt-Ilm 
Glass 11 Pyroxene 0.84 ± 0.10 2.44 Mtt-Ilm 
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Figure 2.4 5th order polynomial curve-fit to published and unpublished data of fO 
(OQFM) against the percentage of total sulphur as sulphate in natural and 
experimental glasses as determined by the shift of S Ka X-rays relative to pyrite. 
(C+R) Hydrous andesitic to dacitic melts synthesised at I to 2.9 kbar, 920° to 1025°C, 
known fO, (Carroll and Rutherford, 1988) 
(N+P) Submarine basaltic glasses with fO, determined from measured Fei'/Fe, + 
(Nilsson and Peach, 1993) 
(W+C) Submarine basaltic to andesitic glasses with fO, determined from measured 
Fe'+/Fe'' (Wallace and Carmichael, 1994). 
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Although our treatment of the relation between oxidation state and sulphur 
speciation is empirical, the approach describes the data over a wide range of f02 better 
than any current thermodynamically based treatment. For example, Wallace & 
Carmichael (1994) modelled sulphur redox equilibria in melts using the reaction; 
SZ'+ 202 = S042, 
for which the equilibrium constant, assuming activities equal to mole fractions, is 
K= XSO42 / (XS2-)"(fO22) 
With rearrangement and description of f02 relative to the QFM buffer this yields 
AQFM = 0.5.1og (XS042 / XS2) - 0.5-log K- QFM 
or, 
OQFM = 0.5. log (XS042- / XS2) +a/T- QFM (T) 
Therefore, a plot of AQFM against log (XS042" / XSZ) should yield a straight line 
with a slope of 0.5. In fact, as was found by Wallace & Carmichael (1994) the data do 
not fall on a straight line but retain their S-shape in such a plot, which has a best-fit 
straight line with a slope of 1.66 (Figure 2.5). The inability of this model to adequately 
describe the behaviour of sulphur in melts, especially at high and low oxygen fugacities, 
may reflect the presence of other sulphur species (e. g. S- , SO and S4+), complexing 
effects within the melt (e. g. Haughton et al., 1974), and the inadequacy of the 
assumption that activity coefficients, or their ratio, remain constant. However, the model 
of Wallace and Carmichael is well suited to basaltic systems (for which it was 
calibrated). For more evolved compositions, and for oxidising conditions (i. e. f02 >_ 
QFM+0.5), our relationship appears to be more valid. 
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Figure 2.5 Linear regression of f O, (OQFM) against log(SO427S2 ) 
2.6 Applications 
The relationship which we report between sulphur speciation and melt oxidation 
state provides a means of estimating oxygen fugacity from electron microprobe 
measurement of the wavelength shift of S kux-rays, and is therefore applicable to 
situations where estimation of oxidation state by more conventional means is not 
possible. Also worthy of note is that this method is temperature and composition 
independent (Figure 2.4), when referenced to a buffer of fO,, like the QFM used as the 
reference here. We illustrate the utility of this approach with two examples. The first is 
the identification of differences in oxidation state recorded by glass inclusions in 
minerals from mixed magmas. This is particularly applicable to Central Andean 
stratovolcanoes such as Lascar whose oxidised, dacitic magma chambers have 
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experienced influxes of more reduced mafic magma (Matthews et al., 1994a; 1994b; 
1997). Previously it was difficult to determine the fO2 of the injected magma or the pre- 
existing host magma due to the re-equilibration of Fe-Ti oxides during subsequent 
fractional crystallisation. The second problem is the determination of magma oxidation 
state from slowly-cooled lavas whose Fe-Ti oxides have re-equilibrated following 
eruption. In this case, measurement of sulphur wavelength shifts for unaltered glass 
inclusions provides information on pre-eruptive magmatic oxidation state, assuming that 
the sulphur speciation of the glass does not re-equilibrate upon cooling, the effect of 
which is likely to increase the proportion of sulphate. 
2.6.1 Example 1 
Examples of two mixed calc-alkaline magmas have been studied in order to 
compare the oxygen fugacities of glass inclusions in pre-mixing phases with that 
calculated for the whole rock from magnetite-ilmenite compositions. The first rock is an 
andesitic hornblende-rich scoria from a mixed andesitic-dacitic eruption of Lascar 
Volcano; the Soncor flow (Gardeweg et al., 1994; Matthews et al., 1994b; Gardeweg et 
al., 1998). The second is represented by two hornblende-biotite pumice clasts from a 
mixed andesitic-dacitic eruption of the nearby 2 m. y. old Cerro Tumisa (Gardeweg, 
1988). Oxygen fugacities of glass inclusions in amphiboles from these two magmas have 
been calculated from their measured sulphur valence (Table 2.4) using equation 2-2. 
These calculated oxygen fugacities range from QFM+1 to QFM+1.8, and are lower than 
the results of the magnetite-ilmenite calculations for the magmas. The hornblendes in 
these samples are interpreted to have originated in more reduced mafic magmas which 
suffered quenching and oxidation on injection into their respective dacitic magma 
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chambers (Matthews et al., 1994a; 1994b). In fact the calculated oxygen fugacities of 
these mafic magmas are remarkably consistent and agree with the data from the nearby 
Cerro Overo olivine basalt (Table 2.3), suggesting a similarity in source magma f02 
between the three volcanic centres. This result should, however, be treated with caution 
as the calculation of f O2 from Fe-Ti oxide pairs is uncalibrated above QFM+2 (Evans 
and Scaillet, 1997). 
It is believed that the mafic magmas, unable to degas their dissolved sulphur 
(prehaps because of high confining pressure), were buffered by the sulphide-sulphate 
equilibrium at QFM+1 to 1.5 (flatter region of the curve in Figure 2.4) until they entered 
the sub-volcanic magma chamber. This contrasts with the model of Matthews et al. 
(1994b) for the later mixed magmas from which most of the sulphur has been exsolved 
and whose higher oxygen fugacities are thought to have been buffered by the H2S-S02 
equilibrium in the coexisting gas phase. The reason for this difference may be that the 
mafic magmas resided at higher pressures prior to injection into the higher level magma 
chambers and much of their sulphur remained in solution until this event. 
Table 2.4 Calculated oxygen fugacities of glass inclusions in phenocryst phases 
from two mixed magmas, compared with that calculated using magnetite-ilmenite 
pairs. 
SAMPLE Host Phase X (SO42'/ES) AQFM (calc) AQFM (Mtt-Ilm) 
LAS57a 
Glassl l Hornblende 0.34 ± 0.09 1.11 (+0.23 -0.16) 2.69 
Glass12 Interstitial` 0.69 ± 0.08 1.82 (+0.09 -0.06) 2.69 
Glass 11 Hornblende 0.32 ± 0.19 1.07 (+0.52 -0.55) 2.69 
SM9410b 
Glassl Hornblende 0.45 ± 0.15 1.39(+0.35 -0.36) 3.15 
SM9411b 
Glass2 ' Hornblende 0.55 ± 0.14 1.66 (+0.16 -0.38) 2.13 
8- samples from Lascar 
b- samples from Tumisa 
- interstitial glass in a hornblende crystal clot 
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2.6.2 Example 2 
The 9000 yr b. p. andesitic Tumbres flow deposit of Lascar (Gardeweg et al., 
1994; Matthews et al., 1994b) contains Fe-Ti oxide phases which are unsuitable for 
estimating magma oxidation state due to their wide initial compositional range and post- 
eruptive re-equilibration during slow cooling and oxidation. In addition, this flow is rich 
in skarn xenoliths, some of which have suffered partial melting (Matthews et al., 1996). 
Glass inclusions in minerals from two samples of the magma have been analysed to 
determine their sulphur valence and in turn the f O2 under which they were entrapped. 
These samples comprise a scoria clast from a pyroclastic flow lobe (LAS 13) and a clast 
from the plinian airfall deposit which underlies the flow (LAST). In addition, interstitial 
glasses from a partially melted skarn xenolith from this flow unit (LA 111), and a biotite 
pumice clast (LA 117) were analysed for comparison with the host magma. In the case of 
LASI and LA117, glass inclusions in orthopyroxene phenocrysts also allowed the 
determination of temperature (from one-pyroxene thermometry; Frost and Lindsley, 
1992; Lindsley and Frost, 1992), and hence the absolute f02. Results are listed in Table 
2.5 and are presented in Figure 2.6. 
Two main conclusions can be drawn from the data. Firstly, oxygen fugacity 
(relative to QFM) remains constant for all pyroxene temperatures in both the host 
magma and the biotite pumice (OQFM = +0.8 to +2.2). Subsolidus temperatures 
calculated for the pyroxenes in the biotite pumice indicate that this also represents a 
partially melted xenolith. This behaviour is attributed to ferrous-ferric buffering of f 02. 
Secondly, the calculated oxygen fugacities of interstitial partial melts in the xenolith 
LA111 lie within the range of the two magmatic samples, indicating that fO2 during 
melting was buffered by the host magma. The actual oxygen fugacities under which the 
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skarn formed are considered to have been much higher then that of the magma chamber, 
approaching the magnetite-hematite buffer (Matthews et al., 1996). 
The large positive error bars for calculated f O2 above QFM + 1.85 are the result 
of the uncertainties in measured S valence intersecting the steep part of the graph in 
Figure 2.4. In this region, the calculated f O, is highly sensitive to small changes in the 
measured S valence, causing a loss of precision. 
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Figure 2.6 Comparison of the calculated f02 from the speciation of S in glass for 3 
samples of the andesitic Tumbres flow (see 2.6.2 and Table 2.7). 
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Table 2.5 Calculated oxygen fugacities of glass inclusions in phenocryst phases 
from two scoria clasts and interstitial glasses from a partially melted skarn xenolith 
(buchite) from the andesitic Tumbres flow. 
SAMPLE Host Phase X (SO42-/jS) AQFM (calc) Temp °C log fO2 
LA111 Xenolith 
Glassl Interstitial Glass 0.76 ± 0.13 1.92 (+1.18 -0.13) n. d. n. d. 
Glass2 Interstitial Glass 0.44 ± 0.11 1.37 (+0.29 -0.28) n. d. n. d. 
Glass3 Interstitial Glass 0.59 ± 0.15 1.73 (+0.13 -0.37) n. d. n. d. 
Glass4 Interstitial Glass 0.60 ± 0.11 1.75 (+0.09 -0.24) n. d. n. d. 
Glassy Interstitial Glass 0.74 ± 0.15 1.86 (+1.05 -0.13) n. d. n. d. 
Glass6 Interstitial Glass 0.80 ± 0.11 2.07 (+1.47-0.24) n. d. n. d. 
LAS13 Scoria 
Glassl Pyroxene 0.53 ± 0.15 1.61 (+0.20 -0.42) n. d. n. d. 
Glass2 Pyroxene 0.44 ± 0.16 1.37 (+0.38 -0.37) n. d. n. d. 
Glass3 Pyroxene 0.47 ± 0.14 1.45 (+0.31 -0.37) n. d. n. d. 
Glass4 Pyroxene 0.61 ± 0.12 1.76 (+0.09 -0.25) n. d. n. d. 
Glass5 Plagioclase 0.37 ± 0.20 1.17 (+0.53 -0.40) n. d. n. d. 
LASI Scoria 
Glass5 Plagioclase 0.67 ± 0.13 1.81 (+0.21-0.17) n. d. n. d. 
Glass6 Plagioclase 0.75 ± 0.17 1.89 (+1.91-0.16) n. d. n. d. 
Glass? Plagioclase 0.54 ± 0.16 1.64 (+0.19 -0.44) n. d. n. d. 
Glass9 Plagioclase 0.82 ± 0.12 2.20 (+2.22 -0.36) n. d. n. d. 
Glass l1 Plagioclase 0.64 ± 0.12 1.79 (+0.10 -0.20) n. d. n. d. 
Glass 12 Plagioclase 0.66 ± 0.12 1.81 (+0.14 -0.17) n. d. n. d. 
G30 Orthopyroxene 0.75 ± 0.06 1.91 (+0.21 -0.04) 818 -12.45 
G31 Orthopyroxene 0.75 ± 0.06 1.90 (+0.17 -0.03) 818 -12.46 
G32 Orthopyroxene 0.17 ± 0.14 0.80 (+0.27 -1.72) 804 -13.86 
G33 Orthopyroxene 0.60 ± 0.06 1.81 (+0.05 -0.11) 818 -12.55 
G34 Orthopyroxene 0.68 ± 0.05 1.87 (+0.02 -0.02) 818 -12.50 G35 Orthopyroxene 0.21 ± 0.15 0.91 (+0.25 -1.18) 804 -13.75 
G36 Orthopyroxene 0.21 ± 0.12 0.91 (+0.19 -0.72) 951 -10.97 
G37 Orthopyroxene 0.24 ± 0.10 0.96 (+0.15 -0.32) 794 -13.91 
G38 Orthopyroxene 0.37 ± 0.06 1.21 (+0.17 -0.13) 950 -10.69 
G39 Orthopyroxene 0.46 ± 0.06 1.47 (+0.18 -0.18) 950 -10.43 
G40 Orthopyroxene 0.50 ± 0.07 1.59 (+0.17 -0.21) 985 -9.74 
LA117 Biotite Dacite 
Glassl Orthopyroxene 0.20 ± 0.18 0.89 (+0.32 -2.08) 736 -15.33 
Glass2 Orthopyroxene 0.18 ± 0.10 0.83 (+0.19 -0.77) 749 -15.07 
Glass3 Orthopyroxene 0.37 ± 0.14 1.21 (+0.41 -0.24) 699 -15.95 Glass4 Orthopyroxene 0.25 ± 0.14 0.98 (+0.25 -0.56) 721 -15.62 
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2.7 Conclusions 
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Figure 2.7Calculated temperatures and oxygen fugacities for Lascar magmas using 
magnetite-ilmenite (mtt-ilm), 1-pyroxene-olivine-spinet (oli-spl) and 1-pyroxene-S 
valence (S-val. ) geothermobarometers. QFM, quartz-fayalite-magnetite buffer; Mag. - 
Hem., magnetite-hematite buffer. 
An fifth order polynomial fit to the relationship between S speciation in glasses 
and calculated oxygen fugacity (relative to the QFM buffer) provides a sensitive probe 
for the estimation of f O2 in both experimental Tand natural S-bearing glasses and for 
tracking changes in f02 during complex magmatic processes. The estimated error in this 
approach is ± 0.5 log units, although the actual size of errors obtained depends upon the 
precision of sulphur peak shift measurements, which is influenced by the amount of S in 
the sample. Errors may be significantly larger at the high and low extremes of f02 
investigated (QFM-2 to QFM+6). A Thermodynamic treatment based on the presence of 
26 
Chapter 2 Effect of f OZ on Sulphur Speciation 
sulphide and sulphate as the only S-bearing species does not yet adequately describe the 
data, probably due to inadequacies in our knowledge of activity-composition 
relationships for S dissolved in melts. Measured S wavelength shifts for melt inclusions 
in Andean volcanic rocks, combined with more conventional geothermometry and 
measurements of coexisting Fe-Ti oxide compositions provide information on the 
evolution of oxidation state and the potential importance of magma mixing in 
influencing magma oxidation state. When S-valence data are combined with magnetite- 
ilmenite thermometry for the whole of Lascar (Figure 2.7), two trends emerge: (1) 
basaltic andesitic magmas (the Tumbres pyroclastic flow deposit and the 1986 and 1990 
lavas) follow temperature-f02 trends which parallel the QFM buffer curve, indicating 
ferrous-ferric buffering of oxygen fugacity. These magmas contain sulphide phenocrysts 
such as pyrrhotite and chalcopyrite; and (2) dacitic magma chambers with a smaller 
admixture of basaltic andesite and andesite exhibit a strong increase in fO2 relative to 
QFM with decreasing temperature and contain anhydrite phenocrysts. Examples are the 
Piedras Grandes and Soncor magmas, the Capricorn lava and the 19-20 April and 17 
December 1993 products. These products are thought to indicate buffering of f02 by a 
co-magmatic S-rich vapour phase, as described by Matthews et al. (1994a). The rapid 
exsolution of S from the mafic magma on injection and quenching is thought to be 
responsible for this behaviour. Sulphur buffering of oxygen fugacity continues into the 
skarn zone and in low-temperature, slowly cooled shallow intrusions from the magma 
chamber. The actual amount of the increase in f02 relative to QFM may be up to 2 log 
units lower than shown in Figure 2.7 as the magnetite-ilmenite geothermobarometer is 
not accurate above QFM+2 at temperatures below 800°C (Evans and Scaillet, 1997). 
The values of fAZ calculated for the hotter samples at QFM+2 and above may be 
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overestimations due to poor calibration (Evans and Scaillet, 1997), but the degree of 
adjustment necessary is within the error of the given values (± 0.5 log units). If the 
samples which have temperatures of below 800°C (e. g. the Skarn samples of Figure 2.7) 
have their values of f02 adjusted downwards by 1-2 log units, they would lie closer to 
the position of the pyrrhotite-anhydrite buffer. This would still imply that sulphur 
buffering of oxygen fugacity continues into the skarn zone and the low-temperature, 
slowly cooled shallow intrusions, but it would mean that the conclusions of Matthews et 
al. (1996) regarding the f02 of skarn formation are in error. 
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Chapter 3 The Lau Basin -a Study of the Behaviour of Sulphur 
in a Back-Arc Basin 
3.1 Introduction 
Back-arc basin basalts (BABB) span a compositional range between mid-ocean 
ridge Basalts (MORB) and island arc volcanics (IAV) (Hawkins and Melchior, 1985; 
Sinton and Fryer, 1987; Volpe et al., 1987; Fryer et al., 1990; Hawkins et al., 1990). The 
f 02 of back-arc magmas has been found to be generally higher than that of MORB 
(Nilsson, 1993; Nilsson and Peach, 1993), which has implications for the solubility of 
volatile species. Oxidation state also affects the Fei+/Fe2' ratio and thus influences the 
extent and timing of Fe-Ti oxide crystallisation and the compositional evolution of 
residual magmas. In addition, f02 has a large effect on S solubility and speciation and so 
it will be an important parameter influencing the geochemical behaviour of S in back-arc 
basin (BAB) magmas. 
In order to address questions concerning the f 02, fS2 and S content of the IAV 
source, a comprehensive study of pristine, undegassed arc glasses would be desirable. 
Such material is extremely rare but submarine BABB, if not significantly degassed, can 
provide useful information on oxidation state and S abundance in arc-related magmas. 
Trace element and isotopic studies have demonstrated that BABB magmas contain an 
arc-like component in their source (Hawkins and Melchior, 1985; Sinton and Fryer, 
1987; Volpe et al., 1987; Hawkins et al., 1990), but unlike IAV, BABB are not 
extensively degassed and glassy material is more abundant. Additionally, BABB are 
typically less fractionated than arc lavas; the more Mg-rich samples are thus more likely 
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to reflect the source signature and the effects of low-pressure crystallisation are less 
problematic. By studying BABB glasses, we can attempt to place some constraints on 
the S contents and oxidation state of the arc-like end-member in BABB petrogenesis and 
perhaps on the IAV source as well. 
The samples used in this study come from the Lau Basin and studies on their 
trace element, water and noble gas contents indicate that the samples have preserved 
both MORB and slab derived components. In this chapter, I show how measurements of 
sulphur speciation in BABB glasses can provide constraints on magma oxidation states 
and these data are used to investigate whether the fO2 controls the sulphur content of 
these BABB, or whether their S content is more reflective of pre-eruptive degassing. 
3.1.1 Geological Setting 
The samples in this study were selected to cover the range of geochemically 
different varieties of BABB found in the Lau basin. The samples were collected during 
the 1990 cruise of the Akademic Mstislav Keldysh by Mir submersibles (see fig. 1 in 
Falloon et al., 1992 for location map) and are described in detail by Falloon et al. (1992). 
Glasses come from three different locations within the Lau Basin: (1) the King's triple 
junction (KTJ) in the northern Lau Basin at 15°S (samples from dive stations 2212 and 
2218); (2) the central Lau spreading centre (CLSC) at 18°S (station 2231); and (3) the 
northern end of the eastern Lau spreading centre (ELSC) at 19°S (station 2239). The 
glasses are all petrologically fresh and are in equilibrium with phenocrysts of olivine ± 
plagioclase ± clinopyroxene (Falloon et al., 1992). All samples from the central and 
eastern spreading centres are geochemically similar to N-MORB (Falloon et al., 1992), 
whereas other King's triple junction samples are close to the BABB magma type of 
32 
Chapter 3 Sulphur Behaviour in the Lau 'Basin 
Sinton and Fryer (1987). All studied samples show some geochemical evidence of 
enrichment by a H2O ± LILE ± LREE-enriched, HFSE-poor subduction-related 
component (Falloon et al., 1992; Danyushevsky et al., 1993; Honda et al., 1993). The 
unmodified mantle source for the Lau Basin samples was estimated to be of N-MORB 
composition or even more depleted in strongly incompatible elements. 
3.1.2 Previous Work 
Nilsson (1993; Nilsson and Peach, 1993) studied the relationship between f02 
(as determined from the Fe2'/Fe3+ ratio) and the sulphur content and speciation of 
MORB and BABB. The BABB samples came from various locations throughout the Lau 
Basin (Nilsson and Peach, 1993). Nilsson and Peach (1993) found that the f02 of the 
samples was correlated with the sulphur speciation of the samples, in agreement with the 
work of Carroll and Rutherford (1988). They proposed that a positive correlation 
between S and f02 under reducing conditions reflects the coexistence of an Fe-rich 
immiscible sulphide melt (Nilsson and Peach, 1993). At higher values of f 02, the 
sulphur content of the glasses is negatively correlated with f O2, which Nilsson and 
Peach (1993) suggest represents equilibria between silicate melt and coexisting vapour, 
until above NNO +1 when the S species dominating the equilibria changes from a 
reduced one to an oxidised one where the sulphur content of the glass is positively 
correlated with the f02, 
3.2 Samples and Analytical Methods 
The major element and H2O concentrations of the glass of the samples have been 
previously reported (Falloon et al., 1992; Danyushevsky et al., 1993). The speciation of 
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sulphur in the samples was determined following methods described in Chapter 2 of this 
thesis (see also Carroll and Rutherford, 1988; Matthews et al., 1999). All analyses were 
performed using a JEOL JXA-8600 electron microprobe. The sulphur contents of the 
glass samples were determined from the magnitude of S ka peak in the samples using 
peak heights obtained for the sulphur speciation measurements. The fitted S ka, peak is 
linearly proportional to the quantity of sulphur in the sample, and so by calibrating the 
peak heights to the peak height of a sample with known sulphur content, the sulphur 
content of the samples is determined. The standard with known sulphur content used in 
this study was a chip of NBS620 glass, certified as containing 1120±50 ppm S. No 
corrections were made for differences in composition because the low quantities of 
sulphur found in silicate glasses enable sulphur to be analysed as a trace element. 
Replicate analyses on NBS620 during the course of this study found that it contained 
1120±70 ppm S, indicating the precision of the method. Each analysis reported in this 
study represents a minimum of three analyses per sample. The sulphur contents and 
speciation of the samples along with their major element composition and water contents 
are given in Table 3.1. The samples are not believed to have undergone significant 
degrees of degassing (Danyushevsky et al., 1993), and as they were collected at water 
depths of over 2000 m they should have experienced only minor sulphur loss (Moore 
and Schilling, 1973; Dixon et al., 1991), although the most vesicular samples (discussed 
below) may provide exceptions to this generalisation (Davis et al., 1991). About 50% of 
the KTJ samples contain small (<0.02 mm) spherical sulphide (Fe-Ni-Cu-S) globules in 
their glassy rims, indicating that the magma was sulphur saturated. Only M-2231-5 from 
the CLSC contained any of these sulphide globules, and none of the samples from the 
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ELSC contained them. The absence of sulphide globules in the other glasses suggests 
that the magmas were sulphide undersaturated at the time of eruption. 
3.3 Determination of Oxygen Fugacity 
The values of f02 of the glasses have been estimated using the proportion of 
sulphur as sulphate in the glass (Carroll and Rutherford, 1988; Nilsson and Peach, 1993; 
Wallace and Carmichael, 1994; Matthews et al., 1999). The calculated values of f02, 
reported relative to the NNO buffer (O'Neill and Pownceby, 1993; Pownceby and 
O'Neill, 1994), are in Table 3.1. The accuracy of these values is most suspect for the 
samples at low f 02 (< NNO) because under these conditions very small changes in the 
proportions of sulphide and sulphate can correspond to very large changes in f 02. 
3.4 Results 
The sulphur content of the glasses is negatively correlated with the f02 over the 
range of f02 sampled by the samples (Fig. 3.1). The samples from the KTJ and ELSC 
have values of f02 which lie either side of that of the NNO buffer. The glasses from the 
CLSC are the most reduced with practically all the sulphur present as sulphide (Table 
3.1); only one, M-2231-5, is sulphide saturated. The low values of f02 determined for 
the CLSC glasses are only estimations because the peak shift method of determining f OZ 
(Matthews et al., 1999) is significantly less sensitive to changes in f OZ when > 95 % of 
the sulphur in the glass is present as sulphide or sulphate. The iron and magnesium 
contents of the glasses show correlations with the sulphur content (Fig. 3.2a) of the 
glasses with no observed correlation between alumina content and sulphur. The glass 
iron content is negatively correlated with f 02, whereas the alumina content is positively 
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correlated (Fig. 3.2b). The sulphur contents are not correlated with sample depth, but 
show evidence of a slight negative correlation with vesicle content. The samples can 
also be grouped according to the variation in sulphur content with Mg number (Mg# = 
MgO/(MgO+FeO)) (Fig. 3.3), with the more reduced samples from the CLSC lying on a 
different trend to the other samples. 
1600 
A 2218 
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Figure 3.1 Sulphur concentrations of the glasses versus log f O2 (expressed as 
ANNO). Trend 1 represents the equilibrium between sulphide in the melt and the vapour 
phase by reaction 3-1. Trend 2 represents the equilibrium between sulphate in the melt 
and the vapour phase by reaction 3-2, the arrow indicates that melt sulphur content will 
increase with increasing f02. Variations in melt composition and fS2 are responsible for 
the scatter of the data. 
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Figure 3.3 Glass sulphur content versus Mg number for all samples. 
3.5 Discussion 
The sulphur content data of the glasses can be divided into two groups, based on 
two different equilibrium relationships that are proposed for controlling the behaviour of 
S in these samples. The first group (governed by 1 in Fig. 3.1) are controlled by the 
equilibrium between sulphide in the melt and a coexisting vapour phase: 
f o1/2 
2 S2 (9) + smelt -' 2 02 (g) + `Smelt + K.,, - as 
Z 
41 fs 12 
3-1 
02 
where OZ",,, e, t and SZ-me, t are oxygen and sulphide anions in the melt respectively 
(Fincham and Richardson, 1954). For the samples of the first group, the sulphur content 
of the glasses decreases with increasing f02 with fS2 probably remaining constant (by 
comparison to Fig. 4.43) suggesting that fS2 is being buffered by a reaction in the fluid 
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phase, if one was present (e. g. H2O + 0.5S2 = H2S + 0.502), otherwise the activity of S. 
in the melt would have to be buffered by equilibria between the different volatile species 
dissolved in the melt (the equilibria are the vapour undersaturated equivalents of the 
equilibria for the vapour present case). The second group (governed by 2 in Fig. 3.1), 
whose proportions of sulphate are in excess of 20% are controlled by the equilibrium 
given in 3-1 and by that between sulphate in the melt and a coexisting vapour phase 
(Fincham and Richardson, 1954): 
3 2- a 
2 Sz (9) +2 0Z (9) + Omelt 2-- 
S04 
melt' Ksz = 
a02- fsýz 0 fo3/2 
3-2 
As the proportion of sulphate in the melt increases, the equilibrium shown in 3-2 
becomes dominant over the sulphide forming equilibrium. The oxygen anions of 
equilibria 3-1 and 3-2 have been implicitly assumed to be free-oxygens (Toop and 
Samis, 1962a; 1962b) in the literature based upon the work done on metal oxide systems 
by metallurgists (e. g. Fincham and Richardson, 1954). Studies of melt structure by NMR 
(e. g. Zhang et al, 1997a) have shown that the proportion of free-oxygens in anhydrous 
melts relevant to geological processes is probably no greater than 0.01 of the mole 
fraction of oxygen present. In hydrous silicate glasses, molecular H2O is dissolved in the 
glass structure for water contents in excess of -- 0.05 wt% (e. g. Xu et al., 1998); oxygen 
in molecular water is not bonded to any Si atom, and is a free-oxygen by the definition 
of Toop and Samis (1962a; 1962b). The quantity of free-oxygens given to a silicate melt 
by molecular water incorporated in its structure is more than sufficient to account for the 
numbers of free-oxygens needed to incorporate a silicate melt's sulphur content. 
Reaction 3-2 implies that with increasing f02 the sulphur content of the glasses 
increases at (approximately) constant fS2 (c. f. Fig. 4.43). This means that in a closed 
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system sulphur would move from the melt to the vapour phase as the system oxidises 
following the trend indicated on Fig. 3.1, then as the f02 approaches that of the NNO 
buffer, the sulphate equilibrium is preferred to the sulphide equilibrium and sulphur 
enters the melt from the fluid phase. The scatter in the points is a combination of 
variations in melt composition, source fS2 and possibly a bit of degassing. In a real 
system, the sulphur species of the vapour phase which provide the sulphur that enters the 
melt, or that take up the exiting sulphur are likely to be H2S under reducing conditions 
and SO2 under oxidising ones (e. g. see table 4.7 and Carroll and Rutherford, 1985; 
Nilsson and Peach, 1993; Carroll and Webster, 1994). 
Decompression of the parent magmas of these glasses would lower the sulphur 
content in them, due to the decrease in the fugacities of the sulphur species in the vapour 
phase, as the system moves to preserve whatever state of equilibrium is possible. In a 
closed system, the loss of sulphur from the melt is constrained by the conditions 
pertaining to the system by the equilibria governing the vapour phase and its interactions 
with the magma, which in a system whose fluid phase contains just hydrogen, oxygen 
and sulphur would be the following along with 3-1 and 3-2: 




2 fH2. fp2/ 
2 









1= XH20 + XHZ + XH2S + XS2 + XSo2 + Xp2 3-6 
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In addition there will be reactions for SO, and SO3, amongst other possible species, but 
the quantities of these species are trivial compared to the ones in the above reactions 
(except for oxygen which is present in a trivial quantity, but is included due to its 
importance in redox reactions) (Eugster and Skippen, 1967). In an open system, 
fractional vapour segregation will deplete the magma of S. 
Danyushevsky et al. (1993) found in their study of the water content of these 
samples, and others, that the samples define two distinct trends based on the relation 
between K20 and H2O in the glasses. They found that Trend I could be explained by the 
addition of a subduction-related component with KZO/H20 = 0.25 to a depleted MORB 
mantle source (N- or D-MORB-like); Trend II, which coincides with the N- to E-MORB 
compositional spectrum, can be produced by the addition of a non-subduction 
component, such as an alkaline magma with K20/H20 - 1.5 to the same mantle source 
(Danyushevsky et al., 1993). The samples of Trend II are associated with relatively 
stable spreading ridges, whereas those of Trend I are always associated with more 
complex tectonic settings. The quantities of sulphur present as sulphate in the samples 
also serves to separate the samples into the same groupings as Trend I and 11. The 
sulphate content of the samples of the subduction related trend I is significant, 
corresponding to values of f02 typically above that of NNO. Nilsson (1993) found in the 
samples from the Lau Basin that she investigated that values of f Oz above NNO were 
characteristic of a magma source which had incorporated a subduction derived 
component. The values of f02 determined from the speciation of sulphur in the glasses 
of this study are consistent with the hypothesis of Danyushevsky et al. (1993) 
concerning the sources of the magmas. 
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3.6 Conclusions 
I have determined the speciation of sulphur in a suite of glassy samples from the 
Lau Basin, and by means of a relationship established on the basis of measurements of 
sulphur speciation in samples of known f 02 (Matthews et al., 1999) have determined the 
f02 of the samples. The variation of the sulphur content of the glasses with f02 can be 
explained by the melt-vapour equilibria proposed in reactions 3-1 and 3-2. It is shown 
that the samples fall into two groups based upon their sulphur speciation (and f O2), 
these are the same groupings as those of Danyushevsky et al. (1993), and they reflect the 
differences of the source magmas. Those with significant quantities of sulphate reflect a 
source that has incorporated slab derived material, while those without significant 
sulphate are more representative of normal MORB. 
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Chapter 4 The Solubility of Sulphur in Fluid-Saturated Melts 
Equilibrated at Upper Crustal Pressures 
4.1 Introduction 
Little is known about sulphur solubility in the hydrous and relatively oxidised 
conditions typical of subduction zones. Experimental data on sulphur solubility in 
natural melt compositions under oxidising conditions are limited to those of Katsura and 
Nagashima (1974), Carroll and Rutherford (1985; 1987; 1988), Luhr (1990), and 
Clemente (1998). These studies have shown that large changes in sulphur solubility (of 
up to over 2 orders of magnitude) and speciation (from 100% sulphide to 100% 
sulphate) over the range of oxygen fugacities typically encountered in subduction zone 
volcanism. The experiments of Katsura and Nagashima (1974) were performed at one 
atmosphere at low sulphur fugacities and the quenched glasses were not saturated with 
any sulphur-bearing crystalline phase (such as anhydrite or pyrrhotite). The results of 
Katsura and Nagashima (1974) showed that the work of Fincham and Richardson (1954) 
and others (e. g. Richardson and Withers, 1950; Richardson and Jeffes, 1952; Turkdogan 
and Pearson, 1953; Richardson and Fincham, 1954; Turkdogan, 1955; St. Pierre and 
Chipman, 1956; Abraham et al., 1960; Abraham and Richardson, 1960; Turkdogan and 
Darken, 1961; Holmquist, 1966) on sulphur solubility behaviour in simple binary and 
ternary oxide systems was applicable to natural magmatic systems. The results of these 
studies and the later work of Carroll and Rutherford (1985; 1987; 1988) have lead to the 
recognition that sulphur is dissolved primarily as sulphide under reducing conditions 
(below the quartz-fayalite-magnetite buffer), with sulphate sulphur being significant 
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(>10% of total sulphur) for oxygen fugacities greater than that of the nickel-nickel oxide 
buffer (Connolly and Naughton, 1972; Nagashima and Katsura, 1973; Katsura and 
Nagashima, 1974; Carroll and Rutherford, 1988; Nilsson and Peach, 1993). The 
equilibria for the solubilities of the two sulphur species in silicate melts can be written 
as: 
1Z1Z 
2 Sz (9) + 0melt =2 02 (g) +L melt 
2 
S2 (g) +2 02 (g) + Qmelt - 
S04 
melt 
where Ome, t refers to free oxygen in the melt. Under the reducing conditions 
in dry 
basaltic melts the solubility of the S2' species is strongly correlated with melt FeO 
content, suggesting a preferential association of dissolved SZ" with Fe", cations 
(Haughton et al., 1974; Katsura and Nagashima, 1974; Poulson and Ohmoto, 1990; 
Wallace and Carmichael, 1992; Nilsson and Peach, 1993). These melts are typically 
saturated with an immiscible F-S-O liquid or pyrrhotite and contain 1000-2000 ppm 
dissolved S. More evolved, lower temperature melts (dacitic to rhyolitic) may contain 
sulphur contents as low as 50-100 ppm (Carroll and Rutherford, 1985; 1987; Luhr, 1990; 
Clemente, 1998). The postulated solubility mechanism for sulphate sulphur is similar to 
that proposed for C032- formation during CO2 dissolution in mafic melts (e. g. Eggler et 
al., 1979; Fine and Stolper, 1985). Sulphate solubilities in excess of 1 wt% have been 
observed in experiments on oxidised, alkali-rich silicate melts, suggesting that there is a 
preferential association betweensulphate groups and alkali metal or alkaline earth 
elements (Holmquist, 1966; Nagashima and Katsura, 1973; Papadopoulos, 1973; Carroll 
and Rutherford, 1987; Luhr, 1990). 
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The effect of melt composition on sulphur solubility has been investigated at one 
atmosphere by Katsura and Nagashima (1974), who found that solubility decreases with 
increasing melt silica content. In addition, the results of the same authors (Katsura and 
Nagashima, 1974) show that for a given value of f02 referenced to a buffer (such as Ni- 
NiO or QFM), the sulphur solubility of a tholeiitic melt is approximately independent of 
temperature. However, at constant absolute f 02, sulphur solubility increases with 
increasing T under reduced conditions (NNO-1), while decreasing under oxidising 
conditions (due to the positive 0f OZ/AT slope of the NNO and QFM buffer reactions). 
Higher pressure experiments (Mysen and Popp, 1980; Wendlandt, 1982; Carroll and 
Rutherford, 1985; 1987; Luhr, 1990) report increases in sulphur solubility with 
increasing temperature, but these results are based on samples which have not 
equilibrated at constant fS2, and as the fS2 is not well constrained, it is uncertain as to 
the effect of temperature in these studies. By contrast, the values of fS2 in the study of 
Clemente (1998) were better constrained. The results of Clemente (1998) suggest that 
temperature has the same effect on sulphur solubility as observed from the results of 
Katsura and Nagashima (1974). 
The effect of pressure on sulphur solubility is not well constrained. The 
fugacities of the gaseous species that are present in the vapour phase are not easily 
controlled in high pressure experiments, and care must be taken in the choice of the 
capsule material or it may form a metal sulphide by reacting with sulphur from the 
charge (e. g. Carroll and Rutherford, 1985). Mysen and Popp (1980) determined the 
solubility of sulphur in melts of CaMgSi2O6 (Di) and NaA1Si3O8 (Alb) compositions at 
15 to 30 kbar, 1450 to 1650 °C in the presence of graphite and a C-O-S fluid phase, the 
f S, being buffered by Cu-Cu2S, Ag-Ag2S, or Pt-PtS. The results of their study indicate 
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that melt sulphur solubility increases with increasing pressure, and that it is significantly 
higher in the Di melt than in the Alb melt. This could imply that sulphur reacts 
preferentially with non-bridging oxygens in these Fe-free melts, as the quantity of these 
oxygens is significantly greater in Di than in Alb. A "Si NMR study of wollastonite 
(Wo) glass suggests that at least 1 wt% of its oxygens are present as 02 (Zhang et. al, 
1997); as Di is chemically similar to Wo it could be expected that there would be a 
similar quantity of OZ" in Di, and so the higher sulphur solubility of Di compared to Alb 
could also reflect higher quantities of O2- in Di. From the predicted f O2 for these 
experiments, most of the sulphur should have been present as sulphide, but no direct 
determinations of sulphur speciation were made. The exact effect of pressure on sulphur 
solubility cannot be determined for this study as the effect of P on the f S2 of the buffers 
used in the experiments is unknown, and some of the buffers would have been liquid at 
the experimental conditions. 
Wendlandt (1982) performed a series of high pressure sulphur solubility 
experiments on several sulphide-saturated natural melts. These experiments, like those 
of Mysen and Popp (1980), were done in graphite capsules, and consisted of 
equilibrating 60 wt% basaltic to andesitic melt and 40 wt% sulphide with a C-O-S 
vapour phase at 10 to 30 kbar, 1300 to 1450 °C. The experiments showed that the 
sulphur content of the sulphide saturated melts decreased with increasing P, and 
increased with increasing T. The reason for the difference in the effect of pressure 
between the studies of Mysen and Popp (1980), and Wendlandt (1982) is not obvious, 
though it coould be due to the difference in the compositions investigated. A major 
problem is that it is not known how the sulphur fugacity changes with pressure or 





Chapter 4 The Solubility of Sulphur in Fluid-Saturated Melts 
that until the sulphur fugacity relations are better constrained, it is difficult to conclude 
about the influences of pressure and temperature on high pressure sulphur solubility 
behaviour, and even more difficult to apply the data to natural systems. 
The recent studies of Carroll and Rutherford (1985; 1987), and Luhr (1990) 
investigated sulphur solubility behaviour in hydrous andesitic to dacitic melts in 
equilibrium with an H-O-S vapour phase at upper crustal pressures. A major result of 
these studies was that anhydrite is a stable magmatic phase at f O2s of NNO+1 and 
above, and can coexist with or replace iron sulphides as the major sulphur-bearing 
phase. The study of Clemente (1998) has helped to constrain the lower stability limit of 
anhydrite to about NNO+1 ± 0.5 log units. Both Carroll and Rutherford (1987) and Luhr 
(1990) found positive correlations between sulphur solubility and pressure for anhydrite 
saturated melts equilibrated at the magnetite-hematite and manganosite-hausmanite. 
This correlation between pressure and sulphur solubility was much less evident for melts 
equilibrated at the Ni-NiO buffer. However, as mentioned previously, the f SZ is not well 
constrained in these studies, and where values are estimated for the charges (e. g. Luhr, 
1990), it is found that the change in pressure is of the same magnitude as the change in 
fS2. Hence, it is quite possible that the correlation between pressure and melt sulphur 
solubility observed by these workers is actually a correlation between f S2 and melt 
sulphur solubility (other possibilities include PH, O. Xsio2' ) 
In this chapter I present a series of experiments performed on two melts of 
differing compositions, a natural rhyolite and a phonolite, at 0.5 to 4 kbar and 850-930 
°C. The difference in the starting compositions allows the effect of alkali content on melt 
sulphur solubility to be investigated. The phase relations of the melts show whether 
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under oxidising conditions anhydrite is stable in phonolitic melts (as described by Ducea 
et al., 1999), they also provide further constraints on the stabilities of anhydrite and iron 
sulphides. By performing the experiments over a wide range of f O2 (NNO-2 to 
NNO+7), a more comprehensive picture of sulphur solubility in silicate melts is 
obtained. The presence of a fluid phase in all the experiments allows the composition of 
the fluid phase to be determined from fluid-phase equilibria and mass balance 
constraints (this also enables the calculation of the partition coefficient of sulphur 
between fluid and melt). With the composition of the fluid phase known, the fugacities 
of the gas species are determined enabling the effect of pressure on sulphur solubility to 
be examined at constant fS2. A thermodynamic model is presented which can reproduce 
the sulphur solubility behaviour observed in this study. The predictions of this model are 
compared with the experimental data of other comparable experimental studies. 
4.2 Experimental 
4.2.1 Starting Material 
In order to evaluate sulphur solubility behaviour in evolved magma types, the 
experiments were done using natural phonolite and rhyolite starting materials. The 
rhyolite (BT-7) is similar to the one used by Clemente (1998), except for its iron content 
(0.66 wt% opposed to 1.06 and 1.99 wt% Fe as FeO), and its alkali content (BT-7 is 2.5- 
3 wt% richer in K20 and has less than 40% relative of CaO). The MB phonolite was 
investigated as it is rich in alkalis, and it is known that the solubility of sulphur is 
enhanced by high alkali content (Nagashima and Katsura, 1973; Papadopoulos, 1973; 
Luhr, 1990; Metrich and Clocchiatti, 1996). 
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4.2.1. a Bulk Rock Composition 
The experiments were performed using two different natural compositions. One 
is a peralkaline phonolitic glass collected from the 2020 years old subunit IIA of the 
Montana Blanca pumice deposit, Tenerife (hereafter referred to as the MB phonolite, or 
MBPhon). It is from the same material as used by Carroll and Blank (1997), and its 
composition and CIPW norm are given in Table 4.1. The sample consists of 96-99 vol% 
fresh, dark-green glass and 1-4 vol% euhedral phenocrysts; feldspar is modally 
dominant (-90%), and the other phases in order of decreasing abundance are sodic 
clinopyroxene, biotite, magnetite, ilmenite, and apatite (Carroll and Blank, 1997). 
The other composition used is a high silica rhyolite from the Bishop Tuff 
(sample BT-7), obtained from locality #1 of Gardner et al. (1991). It consists of ash from 
the Chicago pyroclastic flow unit (0.76 million years old; James Gardner, personal 
communication). The sample contains less than 5 vol% phenocrysts; quartz is modally 
dominant, and the other phases in order of decreasing abundance are sanidine, 
plagioclase (-An15), biotite, magnetite, and ilmenite. The bulk composition and CIPW 
norm of BT-7 are given in Table 4.1. 
Both compositions were ground under acetone with an agate mortar and pestle to 
a grain size of 50-100 µm, and were kept in sealed containers. Neither composition was 
dehydrated or decarbonated. For each charge, around 20-25 mg of powder was used for 
experiments in the IHPVs, and 40-50 mg for those in the CSPVs. 
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MBPhon BT. 7 
5102 59.41 75.19 59.87 77.71 
A1203 18.81 11.74 18.96 12.13 
Ti02 0.65 0.12 0.66 0.12 
FeO* 3.46 0.64 3.49 0.66 
MgO 0.33 0.16 0.33 0.17 
CaO 0.78 0.52 0.79 0.54 
Na20 10.02 3.31 10.10 3.42 
K20 5.49 5.05 5.53 5.22 
MnO 0.20 0.03 0.20 0.03 
P205 0.07 n. d. 0.08 n. d. 
H2O 0.76±0.10 3.24±0.08 
i oral- YY. Zs n. av. 
CIPW Norms 
Quartz 0.00 36.01 
Orthoclase 32.68 30.85 
Albite 40.27 28.94 
Anorthite 0.00 2.33 
Nepheline 14.34 0.00 
Sodasilite 4.36 0.00 
Di Wo 1.64 0.15 
Di En 0.23 0.04 
Di Fs 1.56 0.11 
Enstatite 0.00 0.38 
Ferrosilite 0.00 0.96 
Fosterite 0.42 0.00 
Fayalite 3.19 0.00 
Ilmenite 1.25 0.23 
Notes: Analysis of MBPhon is by XRF (Ablay et al., 1995), 
and does not include trace element contributions, primarily Cl 
(3350ppm), F (860ppm), Zr (I122ppm), and S (I84ppm). 
Analysis of BT-7 was by XRF by James Gardner (personal 
communication), trace element contributions are unknown, 
except for S (-. 140ppm) which was determined by EMPA on 
a glass synthesised from BT-7 powder. Bulk water contents 
are by FTIR spectroscopy. 
n. d. Not determined 
n. av. Not available 
FeO* Total iron as FeO 
'Total of major elements before normalisation 
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4.2. I. b Volatiles 
Water 
Distilled and deionised H2O was added using a microlitre syringe to all 
experimental charges in such quantity that the charge would be slightly oversaturated 
with H2O at the experimental conditions if H2O were the only volatile component (i. e. 
considering a system without S or Q. The quantities of H2O necessary to achieve this 
were estimated from Carroll and Blank (1997), who had determined the solubility of 
H2O for the MB phonolite at 850°C up to 1.5kbar (above this pressure their regression 
parameters were also used to estimate the amount of H2O necessary to achieve saturation 
in H20). It is important to note that the amount of water added is in addition to the water 
contained in the rock powder (0.76wt% for MBPhon, 3.24wt% for BT-7), and that as the 
samples were not kept in a dessicator or drying oven, they may have adsorbed some 
water. A few of the IHPV charges with high initial sulphur contents (l-5wt% added S) 
had water up to -3wt% in excess of that required for saturation (under the above 
criteria). This was performed to see whether an excess fluid affects, to a significant 
degree, the partitioning of sulphur between melt and fluid, and the phase assemblage of 
the charge. The total range of water contents used was from 2.5wt% to 13wt% (Table 
4.2) 
Sulphur 
Sulphur in the form of ground elemental sulphur was added to all the 
experimental charges, except for 1 charge for each bulk composition (MBPhon or BT-7) 
in each IHPV experiment (XP70-75, Table 4.2). The charges without sulphur were 
included to provide a reference for the effects of sulphur for each experiment and 
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composition (effect on water solubility for instance by fluid phase dilution), and also to 
test if iron loss to the capsule occurs. 
As the mass of sulphur added to each charge was very low (0.02-lOwt% of 20- 
50mg), a large quantity (200mg-1g) of rock powder was weighed onto an accurate top- 
pan balance, and the required amount of S was added. The mixture was then 
homogenised by grinding in an agate mortar and pestle. This procedure helped minimise 
weighing errors, and provided quantities of mixed powder of each rock composition 
with fixed amounts of added S for use in multiple experiments. The quantity of S added 
to the charges was between 0.02wt% and lOwt% of the powder in the charge. The 
amounts of S added to each charge are listed in Table 4.2, where it is given as the wt% 
of S for all the reactive material in the charge (rock powder +S+ H20). 
4.2.1. c Platinum 
A 3-4mm long piece of 0.125mm diameter platinum wire was added to each 
charge in experiments xp22-73. It was first intended that this should be analysed to 
provide an estimate of the f O2 of each charge, in the manner of Gudmundsson and 
Holloway (1993). However, because of the lack of low temperature (<_1000°C) 
thermodynamic data for Pt-Fe alloys, this method could not be used successfully. 
As the solubility of platinum group elements is at the ppb level (Azif, 1998), the 
presence of the Pt wire should have no effect on silicate glass chemistry. It could have 
an effect on the phase assemblage (e. g. formation of Pt-sulphides), but this was never 
observed. 
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4.2.1. d Capsules 
All experimental charges (both those for IHPV and CSPV experiments) were 
contained within pure gold capsules. All capsules were around 2cm in length, and 2.7- 
2.9mm in diameter for the CSPV runs, and 2.5-2.9mm in diameter for the IHPV ones. 
Before use, the capsules were boiled in hot HCl for approximately 15 minutes before 
being annealed in a box oven (CSPV capsules), or by an oxyacetylene torch (IHPV 
capsules). One of the open ends of each capsule was welded using a carbon pencil arc- 
welder; the capsule was then weighed; the length of Pt (if used) was added and the 
capsule weighed again. Next, the required quantity of HZO was added by syringe. The 
capsule was then weighed again, and the amount of H2O added was taken to be mass of 
water added. The mixture of BT-7 or MBPhon ±S was then weighed and added to the 
capsule. The rim of the capsule was then cleaned, and the capsule was crimped down to 
expel air. After weighing again, the unsealed end of the capsule was welded shut. The 
weight of the capsule was taken to check for any weight loss; the capsule was placed in 
hot (120°C) oil to check for leaks, and everything being satisfactory the capsule was 
stored in a drying oven until needed. Just before use, the capsule was weighed again to 
ensure that its weight had remained constant. 
4.2.2 Experimental Apparatus 
The experiments of this chapter were performed in both cold-seal pressure 
vessels (CSPVs) and internally-heated pressure vessels (IHPVs). The experiments in the 
CSPVs were performed in the Department of Earth Sciences at the University of Bristol, 
England. Those in the IHPVs were performed at the CNRS-CRSCM, Orleans, France in 
collaboration with Bruno Scaillet and Michel Pichavant. 
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Due to frequent capsule failure (believed to be due to the thickness of the 
capsules; 0.1mm for the CSPV runs, against 0.2mm for the IHPV ones), the CSPV 
experiments are of lesser importance, as fewer are usable; whereas the IHPV 
experiments have provided approximately 100 samples (those of BT-7 being slightly in 
the majority) run at 930°C, between NNO-1 (i. e. 1 log,, unit below the position of the 
Ni-NiO solid buffer as defined by Pownceby and O'Neill (1994) at the experimental 
conditions) and NNO+6.5 at 2kbar, and between 500 bar and - 4kbar at -NNO+6. 
These two series of IHPV experiments (6 experiments in total -1 being shared between 
the two series) illustrate the effect of total pressure, f OZ, fS2, and melt composition on 
the solubility of sulphur, and the stability of the various phases that co-exist with the 
silicate melt. 
4.2.2. a Internally-Heated Pressure Vessels 
Experiments xp70-75 were performed in two IHPVs pressurised with Ar-H2 gas 
mixtures; one fitted with a Shaw Membrane, the other without. Both vessels are run with 
their long axis vertical to minimise convection of the gas mixture (Roux and Lefevre, 
1992; Roux et al., 1994). The IHPV equipped with Shaw Membrane, used for 
experiments xp70 and 75 has been described in detail by Scaillet et al. (1992), and by 
Clemente (1998). Experiments xp7l-74 were performed in the IHPV without a Shaw 
membrane, and the details of this vessel are given in Roux et al. (1994). 
The principle of the Shaw membrane has been described by Shaw (1963). In 
essence, the principle is that a sheath of a noble-metal alloy (Ag40Pd6O for the furnace 
used in this study) is located near the sample in the hot zone of the furnace, and it is used 
to impart a fixed H2 fugacity in the sample (the Shaw membrane and capsules are 
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permeable to H2, and so f H2 is fixed by osmotic equilibrium). It should be noted that as 
the membrane is permeable to H2, H2 will continuously diffuse across the membrane, 
and so constant equilibrium is never attained, unless the fH2 of the vessel is 
continuously buffered. This procedure has not been used (although it is perfectly viable), 
as the loss of H. from the vessel is relatively slow (Scaillet et al., 1992). The f H' used is 
the fH2 measured just before the quench of the experiment (the time necessary for re- 
equilibration being of the order of minutes; Scaillet et al. (1992)). 
Figure 4.1 shows the two extremes of quench rates for the IHPV experiments. It 
is seen that the experiment performed at the highest pressure (xp74) had the fastest 
quench rate. This is because of the increase in the density of Ar with increasing pressure, 
resulting in higher thermal conductivity, and thus more rapid cooling. For the other runs, 
it took -15-20 minutes for the temperature to drop below 200°C, a temperature at which 
it is still possible for water-rich samples to dehydrate (Behrens, 1995; Ochs and Lange, 
1997; Moore et al., 1998). 
4.2.2. b Cold Seal Pressure Vessels 
Two types of CSPVs were used. Both types are vertically orientated and 
pressurised by H2O. The first in which the majority of the CSPV runs were performed 
has a magnetically operated drop-quench attachment. This type of furnace is the same as 
used by Carroll and Blank (1997), the quench rate with this technique is believed to be > 
100°C/s. One (xp41) was performed without the drop quench. It was quenched with a jet 
of compressed air; this method requires 5-10 minutes to quench the charge to below 
200°C. 
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Time since quench (minutes) 
Figure 4.1 Quench rate in IHPV experiments. The fastest and slowest quench rates 
are shown, both were from 930°C; XP74 from 4 kbar in the IHPV without membrane; 
XP75 from 2 kb in the IHPV with membrane. 
4.2.3 Experimental Procedure 
All details of the relevant experimental variables are given in Table 4.2. After 
quench for experiments of all types, the capsules were dried, reweighed to check for 
weight loss, carefully pricked open with a needle (to avoid leakage of fluid if possible - 
if the capsule contained a lot of fluid, some would escape with the exit of gaswhich had 
been contained under pressure), and weighed again to check for gas loss (normally SO2 
or H2S depending on run conditions). Then the capsule was dried in an oven at 110°C for 
5 minutes and weighed again, the loss in weight giving a minimum estimate for the 
quantity of free fluid in the charge (however, there is a possibility that dehydration of the 
sample may occur (Behrens, 1995; Ochs and Lange, 1997; Moore et al., 1998). Finally, 
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capsules were torn open with pliers, and suitable aliquots prepared for analysis 
(described below). 
4.2.3. a IHPV 
For the two experiments conducted in the vessel equipped with a Shaw 
Membrane, the capsules, and 1-2 solid sensors were placed inside the furnace around the 
end of the Shaw membrane, in one or two levels (depending on the number of capsules 
14-26 + sensors), all within the 6 cm length of the hotzone of the furnace (Scaillet et al., 
1992). 
The vessel was then pressurised with a quantity of H2, followed by Ar until 
approximately half to two-thirds of the desired pressure was obtained. Heating then 
commenced until the final temperature was obtained, with the membrane being kept 
under vacuum until about 400°C to ensure that no bubbles of air were trapped in the end 
of the membrane. 
Once the final, temperature of 930°C was obtained, the vessel was allowed to 
equilibrate, and the pressure was reduced to the desired value for the run. To quench the 
run, the power was turned off, and the vessel allowed to cool non-isobarically. Because 
of the nature of the system of connecting the electronics and pressure tubing to the 
vessel, it was not feasible to rotate the vessel by 90° to perturb the thermal stability of 
the vessel (and thus increase the quench rate). The procedure for experiments xp71-74 
was basically the same as that above, except that no H2 was added (the fH2 of the 
experiment being that intrinsic to the vessel). 
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4.2.3. b CSPV 
All experiments were pressurised to the run pressure before heating commenced. 
Heating was performed isobarically, with the furnaces preheated to the run temperature 
before the insertion of the bomb. In this manner, the charges quickly (within 10-20 
minutes) reached the run temperature, thus reducing the possibilities of metastable solid 
phases forming in the range of low-temperature hydrothermal reactions. Quenching of 
the charges was also performed isobarically, although the samples that were "rapid- 
quenched" underwent a pressure increase of - 200 bar as the metal in the hot zone of the 
furnace was replaced by water. 
4.2.4 Attainment of Equilibrium 
In order to have confidence in the results of the experiments presented in this 
study, it is necessary to know that equilibrium has been obtained, or closely approached. 
Factors important for attainment of equilibrium include the rates of reaction and 
diffusion of the species or phases under study. Baker and Rutherford (1996c) studied the 
diffusion of sulphur in hydrous rhyolitic melts over a range of f02. Their results suggest 
that the diffusion of sulphur is controlled by the S2' species over a wide range of f02 
(possibly up to NNO+3). Turkdogan and Pearce (1963) performed a kinetic study of the 
simultaneous oxidation and sulphurization in anhydrous iron-containing silicate melts. 
They found that the sulphurization reaction (4-1 below) was more rapid than the 
oxidation of ferrous iron to ferric iron (4-2): 
2 
S2(9) + O2 (1) a S2 (1) +2 4-1 
2FeO(1) +2 02(g) t--* Fe203 (1) 4-2 
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Chapter 4 The Solubility of Sulphur in Fluid-Saturated Melts 
Turkdogan and Pearce (1963), and many others (Fincham and Richardson, 1954; 
Richardson and Fincham, 1954; St. Pierre and Chipman, 1956; Poulson and Ohmoto, 
1990; Wallace and Carmichael, 1992; Ducea et al., 1994) have observed the correlation 
between the concentration of FeO and the solubility of S in silicate melts. So, if the 
starting material contains most of the Fe as FeO, then as reaction 4-1 is faster than 
reaction 4-2, the ferrous silicate melt initially picks up sulphur from the gas very rapidly, 
to an extent in excess of the ultimate equilibrium value. As reactions 4-1 and 4-2 
proceed at different rates, a state is eventually reached satisfying the following 
equilibrium: 
2 
S2(9)+ 2Fe2+(1) a 2Fe3+(1) +S2- (1); K=fz-x 
as, 4-3 
a Fe ° 
SZ 
where K is the equilibrium constant of the reaction. However, since the system as a 
whole has not received equilibrium, eqn. 4-3 is for partial equilibrium. As the oxidation 
of iron continues, the ratio Fei+/Fe2 increases and the sulphur content of the melt 
decreases as dictated by the partial equilibrium. If the silicate melt initially contains Fe 
as Fei+, and the conditions of f02 are reducing, then the iron will initially be converted 
to ferrous iron (by 4-1), and this will result in the uptake of sulphur by the melt to satisfy 
4-2, and sulphurization will occur normally, with equilibrium being obtained more 
rapidly. 
The experiments of Baker and Rutherford (1996c) reached iron-redox 
equilibrium within 24 hours. My experiments all had a run duration of at least 118 hours 
and so normally should have obtained equilibrium for the oxidation and sulphurization 
reactions, even though the majority of them went to more oxidising condition, the 
65 
Chapter 4 The Solubility of Sulphur in Fluid-Saturated Melts 
starting compositions having been formed at -- NNO for MBPhon (Ablay, 1998), and at 
--NNO+1 for BT-7 (Hildreth, 1979). 
Clemente (1998), realised in her study that there was the possibility that there 
would also be some diffusion of Fe and S into the gold of the capsule, and for complete 
equilibrium of Fe and S to be obtained, this reaction should also be at equilibrium. She 
found that for her run duration (-. 4-9 days), this reaction appeared to be at equilibrium, 
with the profile of the Fe content of the melt between the centre and edge of the capsule 
being constant within error, with no detectable gradient. The analyses for Fe of the 
samples in the current study, performed across the width of a glass sample, have been 
statistically tested for homogeneity (chi-square test), and no evidence of heterogeneity 
was found. 
4.2.4. a Quench Effect 
Two CSPV experiments (xp4l and xp42) were performed with BT-7 and - 10 
wt% S, at 850°C and 1 kbar. Table 4.3 is a comparison of the results of the 2 
experiments. As can be seen the results are identical within error. It is assumed that the 
quench rate is probably less important than that of water. The lack of a quench effect is 
in agreement with experimental results showing exceedingly low rates for the diffusion 
of sulphur in silicate melts (Baker and Rutherford, 1996b). 
4.2.4. b Reversability 
A capsule of MBPhon (xp75/7), and of BT-7 (xp75/20) were taken unopened 
from xp73, and were run again in xp75 with two previously un-run capsules (xp75/6,19), 
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Table 4.3 Effect of quench rate 
Sample XP411 XP42" 
H20 in, wt%2 13.6 13.3 
S in, wt%a 8.94 8.98 
ANNO' 0.83 0.78 
SiO2b 78.06(110) 78.12(94) 
A1203 12.19(39) 12.01(26) 
TiO2 0.05(5) 0.09(6) 
FeO* 0.15(18) 0.16(15) 
MgO 0.15(4) 0.14(4) 
CaO 0.59(12) 0.48(9) 
Na20 3.41(17) 3.37(14) 
K20 5.34(22) 5.54(19) 
MnO 0.05(7) 0.07(9) 
P205 0.02(3) 0.02(3) 
H2O 3.45(78) 3.11(60) 
S, ppm° 182(94) 133(65) 
Wt% Fluid Phase by 
` 17.5(18) 20.0(15) mass balance 
Wt% S in fluid phase 
` 8.2(31) 8.0(67) by mass balance 
Both charges were run at 1 kb and 850 °C. 
Charge was quenched by a jet of compressed air. 
"Charge was rapid-quenched. 
'Values as described in Table 4.2. 
bOxide content of glass in wt%, as in Table 4.6. 
`Wt% amounts of fluid phase and the amount of S in the fluid phase. 
Numbers in brackets are 1a standard deviations of the 
measurements or calculated values. 
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Table 4.4 Comparison of reversal charges from XP75 
MB Phonolite BT7 
Sample XP75/6 XP75/7Y XP75/19 XP75/2V 
H2O in, wt%a 8.45 8.45 10.13 10.15 
S in, wt%2 0.94 0.94 0.95 0.95 
ANNO' -1.16 -1.18 -1.20 -1.96 
AFFS" 6.32(39) 6.59(37) 
SiO2b 60.80(71) 61.12(86) 77.65(120) 77.63(54) 
A1203 19.35(31) 19.17(33) 12.25(27) 12.15(16) 
Ti02 0.67(13) 0.64(9) 0.12(9) 0.10(5) 
FeO* 1.29(22) 1.47(28) 0.18(14) 0.33(16) 
MgO 0.35(3) 0.34(6) 0.15(5) 0.18(5) 
CaO 0.69(11) 0.71(10) 0.61(8) 0.61(11) 
Na20 10.77(18) 10.60(30) 3.62(15) 3.56(15) 
K20 5.75(14) 5.73(15) 5.40(17) 5.39(12) 
MnO 0.27(8) 0.16(14) 0.03(4) 0.03(5) 
P203 0.07(6) 0.06(5) 0.01(2) 0.04(5) 
H2O 7.38(51) 6.98(65) 6.69(67) 6.25(37) 
S, ppme 355(77) 426(62) 177(44) 115(48) 
Wt% Fluid Phase by 
` 1.5(18) 2.0(15) 
4.2(17) 4.8(17) 
mass balance 
Wt% S in fluid phase 
` 20 2(331) 21.0(167) 
18.1(85) 18.4(77) 
by mass balance 
All capsules were run at the same time at 2.02 kb and 930 °C. 
"Capsules were previously run as part of XP73. 
'Values as described in Table 4.2. 
'Oxide content of glass in wt%, as in Table 4.6. 
`Wt% amounts of fluid phase and the amount of S in the fluid phase. 
Values in brackets are 1a standard deviations of the measurements or calculated values. 
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which contained exactly the same quantities of rock powder, sulphur and water. Table 
4.4 is a comparison of the four charges, and it is seen that each pair of capsules is 
identical within the bounds of experimental error. Thus, it appears that the charges have 
obtained equilibrium in f O2. 
4.2.5 Measurement of Hydrogen Fugacity 
The technique of controlling the f02 of the experiments was different between 
the IHPV experiments with/without Shaw membrane, and between them and the CSPV 
runs. However, in all cases, the f H2 is the variable that was measured, or controlled, and 
the f O2 has been calculated using the following equilibrium: 
HZ+ZO2 4-* H20; K,,, = 
fH, O 
f H2 "f OZ 
4-4 
where K, r 
is the equilibrium constant for this reaction (from Robie et al., 1979), which 
together with the fH2 and fH20 allow one to calculate the f02. 
4.2.5. a Solid Sensor 
For all the IHPV experiments, at least one Ni-NiO-Pd solid sensor (Taylor et al., 
1992; Pownceby and O'Neill, 1994) in a Pt capsule was included. This enabled the f H2 
(and so eventually the f 02) of the charges of the runs without Shaw membrane to be 
determined. It also provided a check on the fH2 measured by the Shaw membrane for 
those experiments run with H,. The advantage of the solid sensor technique for these 
experiments is that the transducer which measures PHZ in the Shaw membrane is not 
particularly sensitive to fH2 <_ lbar, the solid sensor being more sensitive (although it is 
not as sensitive under very oxidising conditions as it is around NNO+1). The 
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experiments performed in the IHPV without membrane have the fH2 of the vessel (never 
run with HZ-Ar mixtures), which is very low (0.01 <_ bar, fH2). However, with this 
technique, it was possible to determine the fH2 of these runs without difficulty. The 
sensors used were of a design similar to that of Pownceby and O'Neill (Taylor et al., 
1992; Pownceby and O'Neill, 1994), with two sensor pellets of composition x=0.5 and 
x=0.15 (x is the mole fraction of Ni in the Ni-Pd mixture) contained in each sensor 
capsule. 
The principle of the sensor is dependent on the following equilibrium: 
Ni, Pd(j_x) + H2O a xNiO + (1- x)Pd + H2 4-5 
where "x" is the mole fraction of Ni,, in the starting composition, or in the final Ni-Pd 
alloy. The equilibrium has been calibrated by Pownceby and O'Neill (1994) at I 
atmosphere, with excess-mixing terms added by them to extend the calibration to higher 
pressures (up to > 30 kbar). 
Sensors were only considered reliable if they had remained sealed during the 
experiment, and if their quenched phase assemblage contained both the reactants and the 
products of the sensor (reaction 4-5). The composition of the quenched Ni-Pd alloy and 
the phase assemblage of the sensor was determined by XRD; the f 02 was calculated 
from the composition of the alloy taking into account the effects of pressure (Pownceby 
and O'Neill, 1994). The f H20 of the sensor was calculated from a modified Redlich- 
Kwong equation of state for pure water. The f H20 and the f02 together with KW (Robie 
et al., 1979), yield the fH2 of the sensor, and hence of all the charges of a particular 
experiment. The f O2 of the individual charges could then be calculated from the fH2, 
their fH2O (unique to each charge; see 4.2.6), and K,,. 
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4.2.5. b Solid Buffering 
The fH2 of the CSPV experiments was controlled by placing short lengths of 
nickel wire around the exterior of the capsule. As the pressurising medium for these 
experiments was water, the water reacted with the nickel to form nickel oxide (thus 
fixing fO2 at the Ni-NiO buffer) following reaction 4-6, below: 
Ni(s) + H20(g) t-* NiO(s) + H2 (g) 4-6 
The fH2 is calculated using the calibration of Pownceby and O'Neill (1994) to 
obtain the f02 at the experimental conditions, with the fH20 calculated from a modified 
Redlich-Kwong equation of state for pure H2O, and K. 
4.2.6 Determination of Water Fugacity 
The fH2O of the experimental charges was calculated from the wt% H2O of the 
quenched glasses using the solubility data Carroll and Blank (1997) for MBPhon, or 
analogous data for H2O solubility in rhyolitic melts (Silver et al., 1990; Holloway and 
Blank, 1994). For some of the glasses, where the water content measured by EMPA 
appears to be in error (fHZO calculated from the water contents of these samples are in 
excess of fHZO for pure H20), and it has not been possible to obtain an FTIR 
measurement of the water content (because of the presence of vesicles or crystal phases), 
the f H20 has been determined using a modified MRK (see 3.4). Other solubility models, 
e. g. Burnham (1981; 1994), Moore et al. (1995b; 1998), have not been used as they tend 
to underestimate H2O solubilities, particularly for the phonolite (Carroll and Blank, 
1997; Moore et al., 1998). 
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The Stolper model for the solubility of water in silicate melts assumes that if the 
activity of H2O in a vapour-saturated melt is proportional to the mole fraction of 
molecular H2O present in the quenched glass, then the variation in H2O activity with 
temperature and pressure is given by: 
In aH, o, mol(Pi, 
Tx) 
=1n 
aH, o, mol(P, ITi) 
V_ö(Px -P, ) 
- 
DH°H o1_1 4-7 
f°H; o(P2, T2) f°HZo(P,, T, 
) RT2 R Tx T, 
where P,, T, and P2, T2 refer to the two sets of vapour-saturated conditions, with P,, T, 
taken as the reference conditions; f °H2o refers to the fugacity of pure H2O at conditions 
P,, T, or P2, T2; V' is the molar volume of H2O in the melt in its standard state; and 
OH°Hzo is the standard state enthalpy change for dissolution of H2O vapour in the melt. 
The standard state in most studies has been taken to be 850 °C and 1 bar. 
4-7 predicts that fH2O is linearly proportional to water activity at low pressures 
where Henry's law applies, and the deviation from Henrian behaviour at higher pressures 
is accounted for by the VH2ö term. In practice, as the activity of water in the melt is not 
known, the mole fraction of molecular water in the melt is used. This has been 





= A'+ Wo XOH + C, ,b 
XH20m01 4-8 
[XHOmOI(1 
- XOH - XH, Omol) 
where XOH and XH2o, no, are respectively the mole fraction of hydroxyl and molecular 
water quenched in the glass; and A', B', and C' have been determined by multiple least- 
squares regression of spectroscopically determined speciation data for water in silicate 
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melts ((Silver and Stolper, 1989). The speciation parameters of Carroll and Blank (1997) 
for the phonolite, and of Silver et al. (1990) for BT-7 were used in this study. Equation 
4-8 has to be solved iteratively. If the total water content of a glass is known (by EMPA 
or FTIR, for example), then XB, the fraction of oxygens contributed by the water divided 
by the total number of oxygens in the glass must be calculated. The method for 
calculating XB is explained in detail in Silver and Stolper (1985). The reason why X. is 
calculated is that XHsomoi = XB - 0.5XOH, and so by calculating XB, 4-8 can be expressed 
solely in terms of XOH or X,,, o,,, o,, thus easing the process of iteration. 
The parameters used in this study for calculating fH2O in the above manner have 
only been calibrated up to -- 2 kbar. Thus, in order to use this method for xp74, the 
method had to be extrapolated outside of its calibrated range. 
4.2.7 Determination of Sulphur Fugacity 
As for f02, there exist solid buffers for fS2 which use the formation of a metal 
sulphide to buffer the fS2 of the system with the following reaction: 
X(metal) +2 S2(g) a XS(s) 4-9 
where X is a metal such as Pt, Ag or Cu (in the case of Ag and Cu, the sulphide is XZS). 
A problem with this technique is that it requires that the starting material is iron free, or 
else the formation of iron sulphides alters the f S2. characteristic of the buffer, and 
reaction 4-9 is no-longer valid. In this study, no effort has been made to buffer the f SZ of 
the system. Instead the fS2 of the charges has been estimated either by the use of a 
modified MRK (see 4.4), or from the composition of pyrrhotites formed during the 
expenment. 
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Barton and Toulmin (1964) determined the following relationship between the 
fS2 and pyrrhotite composition and temperature (the fS2 determined from the 
development of a sulphide "tarnish" on electrum (a Ag-Au alloy of well-known 
composition)): 
log f S2 = (70.03 - 85.83N) " (1000/T -1) + 39.3(1- 0.9981 N)°'3 -11.91 4-10 
where fS2 is the fugacity of sulphur as an ideal gas at one atmosphere (i. e. the fugacity 
coefficient of S2 is taken to be unity), N is the mole fraction of FeS in the system FeS-S21 
and T is the temperature in Kelvin. 
Froese and Gunter (1976) extended this calibration (Eqn. 4-11 below) to higher 
pressures based on the observation of Toulmin and Barton (1964) that the molar volume 
of pyrrhotite (determined along with the molar volumes of S and FeS2 from the data of 
Fleet (1968), and Robie et al. (1967)) in the system Fe-S2 is a linear function of the mole 
fraction of FeS in the system (which implies that there is not an excess volume of 
mixing, and so the activity coefficients are pressure-independent). Their calibration is 
valid between 600-900°C, and up to 10 kbar at least, the assumption that the molar 
volume of pyrrhotite is constant and equal to the value at 25°C and 1 atm becoming 
progressively less valid at higher pressures. 
2" {C + 0.3455(P - 1) + RTln(1- XFeS) + (2A - B)XFe5 +2(B - A)X3Fcs} 1nfS2= 
RT 
4-11 
where T is in Kelvin, P is in bar, XFCs = at% Fe/(100-at%Fe), A= -141563 + 126.825T, 
B= -93911 + 59.25T, and C= 57966 - 34.824T. 
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In order to make a meaningful comparison between values of fS2 at different 
pressures and temperatures, it would be useful to have a buffer to reference them to. As 
a comparison is also made in this study between the results obtained here, and the results 
of Clemente (1998), it has been decided to reference the values of fS2 in this study to the 
equilibrium between metallic iron and pyrrhotite of the composition XF, S =1 (FFS 
buffer; Clemente, 1998): 




the change in the Gibb's free energy of which, AG°, at one atmosphere is: 
AG°= -35910 + 12.56T (Froese and Gunter, 1976) 4-13 
where AG° is in calories, and at pressure P bar: 
OG = AGp -AG =1 RT 1n f S2P -1 RT 1n f S2 ° 22 (Froese and Gunter, 1976) 4-14 
= AV, = 0.2655P 
where AVs is in calories/bar. Thus, 
In f Sep = 2(AG°-0.2655P)/RT 4-15 
Figure 4.2 shows the position of the FFS buffer in temperature-fS2 space at 1 
bar, 2 kbar and 4 kbar. It is seen that the pressure effect is quite small. 
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700 800 900 1000 1100 1200 
Temperature, °C 
Figure 4.2 Position of the FFS buffer at 1 bar, 2 and 4 kbar. Also shown are the 
stability fields of Fe and FeS. 
4.2.8 Experimental Problems 
4.2.8. a Iron Loss 
Table 4.5 shows the normalised anhydrous major element compositions of all 
charges with no S added along with that of the two starting compositions. Iron loss is 
appreciable only for xp75/1 (30% of initial iron lost), a sample of MBPhon, run under 
reducing conditions (f02 -NNO-1.8). In spite of this, there is no evidence that Fe loss 
has altered the results of experiment xp75 to any significant degree. 
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Table 4.5 Anhydrous major element composition of sulphur-free charges 
MB Phonolite Samples 
Sample MB Phon 70/14 71/13 7311 74/1 75/1 
P, bar 1999 1517 2010 3941 2020 
ANNO 2.83 6.13 6.35 7.30 -1.76 
SiC2 59.87 60.17 (68) 60.06 (92) 60.00 (56) 59.88 (79) 61.26 (53) 
A1203 18.96 18.97 (28) 18.94 (33) 18.99 (27) 18.83 (30) 19.35 (22) 
TiO2 0.66 0.60(8) 0.59(7) 0. S8(10) 0.59(8) 0.65 (13) 
Fe0* 3.49 3.31 (33) 3.26 (20) 3.56 (24) 3.30 (8) 2.46 (25) 
MgO 0.33 0.23(13)- 0.33 (5) 0.33 (5) 0.31 (6) 0.29 (6) 
CaO 0.79 0.74 (12) 0.65(5) 0.71 (8) 0.73(9) 0.68 (10) 
Na20 10.10 10.14 (18) 10.24 (34) 10.00 (21) 10.57 (22) 9.77 (23) 
K, 0 5.53 5.56 (17) 5.64 (23) 5.60 (17) 5.57 (21) 5.35 (10) 
MnO 0.20 0.21 (11) 0.25(9) 0.18(11) 0.18(12) 0.15(4) 
P205 0.08 0.07 (5) 0.06 (6) 0.05 (5) 0.04 (5) 0.04 (6) 
Totals 99.23 92.15 92.66 92.45 91.17 94.85 
BT-7 Samples 
Sample BT7 70/15 71/12 72/22 73/14 74/8 75/14 
P, bar 1999 1517 511 2010 3941 2020 
ANNO 3.10 6.13 5.06 6.36 7.27 -1.14 
Si02 77.71 77.38 (99) 77.31 (90) 77.07 (72) 77.69 (81) 77.68 (78) 77.89 (70) 
A1203 12.13 12.20 (25) 12.11 (23) 12.04 (25) 11.90 (25) 12.25 (20) 12.20 (23) 
Ti02 0.12 0.09 (4) 0.06 (7) 0.09 (6) 0.06 (4) 0.10 (7) 0.07 (6) 
FeO* 0.66 0.76 (16) 0.81 (13) 0.71 (16) 0.81 (16) 0.83 (15) 0.47 (12) 
MgO 0.17 0.15(3) 0.14(4) 0.12(4) 0.15(2) 0.15(4) 0.17(4) 
CaO 0.54 0.58(8) 0.57(6) 0.53(7) 0.57(11) 0.56(7) 0.57(7) 
Na20 3.42 3.57(11) 3.64(9) 4.11 (19) 3.49(15) 3.29(12) 3.41 (11) 
K, 0 5.22 5.20 (18) 5.29 (18) 5.30 (18) 5.26 (17) 5.06 (22) 5.17(6) 
MnO 0.03 0.06 (8) 0.06 (6) 0.04 (8) 0.06 (9) 0.05 (7) 0.05 (7) 
P205 0.02 (3) 0.02 (3) 0.01 (2) 0.02 (2) 0.03 (5) 0.02 (2) 
Totale 100.00 93.56 92.58 97.57 95.19 93.24 94.73 
All charges were run at 930±5°C. The numbers in parentheses are the error on the 
measurements from Ia standard deviation on the total number of measurements. 
1 Analytical total after correction for alkali loss 
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4.2.8. b Capsule Leakage 
Capsules were occasionally found to have lost some mass after quenching. This 
was not always a problem, as it is possible for this to occur when capsules are removed 
from the furnace or sample holder, and capsules sometimes fail when depressurised. The 
capsules that fell into this category were prepared for electron microprobe analysis 
(EMPA) and the polished section of the run-products observed with reflected light under 
the optical microscope, before EMPA. 
Capsules suspected of having leaks were discarded. The criteria used to 
determine which capsules had leaked follows: 
Weight gain of the capsule, coupled with inflation, is suggestive of an influx of 
the pressurising medium (Ar-H2, only for IHPV runs) into the capsule through a 
small hole. Typically, the sample is highly crystalline, as the activity of H2O 
(aH20) in the unsealed capsule would be «1. 
Weight loss suggests that material might have escaped from the capsule 
(volatiles most easily). As for charges that gained mass, the sample is typically 
crystalline, except that few vesicles are present in a polished section of the 
charge. 
4.2.8. c Nickel Contamination 
As explained below, nickel contamination affected some of the capsules used. If 
a capsule was found to show signs of nickel contamination such as the presence of Fe-S 
sulphides with measurable Ni contents, or significant quantities Ni in the glass analyses, 
the charge was discarded. 
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Nickel contamination occurred in two circumstances. The first was when the 
nickel of the "solid buffer" used for the CSPV experiments (see 4.2.3. b) reacted with the 
gold of the capsule. This led to the formation of a Ni-Au alloy, often resulting in a hole 
in the capsule wall, and the resulting failure of the charge. Ni contamination by this 
method resulted in the failure or discarding of = 15 of the CSPV charges (details of these 
are not reported in this study). 
The second occasion when Ni contamination occurred was in xp72. In this 
experiment, eight capsules exhibited signs of nickel poisoning, these capsules were 
automatically rejected. The remaining 14 capsules exhibit no sign of Ni contamination. 
4.3 Analytical Methods 
4.3.1 Electron Microprobe 
Two electron microprobes at the joint BRGM-CNRS-Universite d'Orleans probe 
facility Orleans, France were used in the study. Both probes are Cameca microprobes, 
one being a CAMEBAX, the other an SX-50. The CAMEBAX was used for determining 
the sulphur content of the experimental glasses, and for the major element analyses of 
some glasses; the SX-50 was used for. determining the major element composition of the 
majority of the experimental glasses, and for identifying and determining the 
composition of crystalline phases present in the experimental glasses. 
Samples were prepared by taking a fragment and mounting it in epoxy resin, 
which was then ground down until a good cross-section of the sample was exposed, 
before being polished to a 0.25 µm finish. The resulting thick-section was cleaned 
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ultrasonically with acetone briefly, before being examined optically with a petrographic 
microscope. Samples were coated with carbon before analysis. 
4.3.1. a Major Element Composition 
The operating conditions used for major element analyses of the experimental 
glasses were an accelerating voltage of 15 kV, a beam current of 4 nA, and a beam 
diameter of 10-15 gm, counting for 10 seconds on the peaks and for 5 seconds on the 
background. Standards used for glass analyses were wollastonite for Ca, hematite for Fe 
(Fe measured as FeO), albite for Na and Si, orthoclase for K, corundum for Al, olivine 
for Mg, pyrophanite for Ti and Mn, and apatite for P. ZAF correction factors were 
applied to the raw data, and the detection limit for these conditions is around 0.2-0.5 
wt%. Na, Si, Al, and K were always analysed first to minimize the migration of alkalis 
under the beam (Hautefage, 1980). This migration affects the analytical total of the 
alkalis' (particularly Na; K less so), and enhances the totals of the other elements; 
especially Si and Al, the grow-in effect (Nielsen and Sigurdsson, 1981; Morgan and 
London, 1996). This problem is greater for hydrous silicic glasses (Pichavant et al., 
1987; Morgan and London, 1996). To overcome the problems of alkali loss the analyses 
were performed using the following procedure: secondary standards of known water and 
major element composition were analysed before and after each analytical session. 
Because two starting compositions were used, two sets of standards were used. The 
standards for BT-7 were synthesised from powder of BT-7, and contain 0.76,2.51,5.66, 
and 10.95 wt% H20; the standards for MBPhon were synthesised from powder of 
MBPhon, and contain 3.24,4.73,7.54, and 8.53 wt% H20. The water contents of the 
standards were determined by FTIR spectroscopy, and the values have been 
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subsequently confirmed to be accurate by Karl-Fischer titration. The alkali contents 
were checked using a set of glass standards of the composition of the interstitial glass of 
1929 eruption of Mt Pelee and have between 2 and 6.3 wt% H2O (Clemente, 1998). No 
change was found between the alkali content of the standards and of starting material. 
The standards were synthesised in an IHPV at 4 kbar and 1200 °C using a rapid-quench 
technique (Holloway et al., 1992; 'Roux and Lefevre, 1992). 
After the analyses, the alkali and water contents of the analysed glasses were 
determined in the following manner: 
First, the ratio between the values of Si, Al, Na, and K measured for the 
standards and their known values were linearly regressed against the analytical 
total. The regression equations were then used to recalculate the contents of Si, 
Al, Na and K for the standards (typically 1-2% decrease in SiO2,1-2% increase 
in Na20). The values of Si and Al have to be recalculated, in addition to those of 
Na and K, because of the grow-in of the former two elements (Devine et al., 
1995; Morgan and London, 1996). 
The analytical total was then recalculated using the new values, and the known 
water contents of the standards was plotted as a function of the corrected 
analytical total. The regression of this (normally, best fitted with a straight line) 
gives the water content as a function of the corrected analytical total (Figure 4.3), 
i. e. the water content by difference (Pichavant et al., 1987; Devine et al., 1995, 
Morgan and London, 1996). 
The analyses of the samples from each session were corrected for alkali loss and 
Si and Al grow-in using the regression values of the standards, before the water content 
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was calculated from the corrected total using the regression parameters obtained from 











Corrected Analytical Total 
Figure 4.3 Water content regressed against the corrected analytical total. Example 
from the calibration of glass standards of MB Phon for use in determining the water 
content in samples of MB Phon. Similar plots are obtained for BT7. 
4.3.1. b Sulphur Content of Glass 
To determine the sulphur content of the experimental glasses the CAMEBAX 
microprobe equipped with three WDS spectrometers with PET crystals was used. The 
operating conditions used were a beam current of 50nA, a beam diameter of 10-15µm 
(generally 15µm, except when not possible due to presence of crystals, lack of glass, 
etc... ), an accelerating voltage of 15kV, and a counting time of 60 s (giving 180 s total 
counting time over the 3 spectrometers). The technique used was that of Clemente 
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(1998), as described below. This was found to give consistent accurate results over a 
long period of time. 
In this technique, the spectrometers are set to the peak of the S ka X-rays from of 
a standard with sulphur present as either sulphide or sulphate. As the majority of the 
samples in this study were formed under oxidising conditions, the sulphur in the samples 
should occur as sulphate (Fincham and Richardson, 1954; Richardson and Fincham, 
1954; Nagashima and Katsura, 1973; Katsura and Nagashima, 1974; Carroll and 
Rutherford, 1985; 1987; 1988; Nilsson and Peach, 1993; Carroll and Webster, 1994; 
Clemente, 1998), and so the standard used for the initial positioning of the spectrometers 
2- was a crystal of anhydrite (S present as just S04, S has valence +6). 
Having positioned the 3 PET spectrometers on the S ka peak of anhydrite, four 
dacitic standard glasses (Mt Pinatobo dacite; Clemente, 1998) with 0,750,1400, and 
1900 ppm (± 100) of sulphur (by a wet chemical technique, analyses performed at the 
CRPG, Nancy, France), were each analysed in 10 regions, and the number of counts 
measured by each spectrometer at each location recorded. The sample with 0 ppm S is a 
blank which aids in the calculation of the detection limit, as well as assisting in the 
calibration of the technique for each analytical session. 
The glass samples were then analysed in the same manner, i. e. for each glass 
sample, at least ten measurements of 60 s were performed randomly on each glass, 
trying to ensure that only glass was analysed. After all the sample analyses were 
performed, the stage was moved so that the beam was positioned on synthetic troilite 
(synthesised by Beatrice Clemente, CNRS-CRSCM, Orleans, France), and the 
spectrometers were moved to the S ka peak of the pyrrhotite (S present as just S2, ) . The 
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four glass standards were then analysed in the same manner as above, and the counts 








Figure 4.4 Example of the calibration curves for the analyses of sulphur using the 
microprobe. 
From a plot of the S content of the standards against the no. of counts on each 
standard for the spectrometers at the S kc, peak of S as SZ', and S as S042 , we have 2 
regressions; one for S content as S' (sulphide) as a function of the number of counts, 
and a similar one for S as SO, '- (sulphate). The regressions can then be applied to the 
number of counts measured on the samples, to yield the S content of the samples as 
sulphide, or as sulphate. The two values, represent the extremes of the possible valence 
(and peak position) of S, so whatever the valence of S in a particular sample, the S 
content of that sample at its S valence must lie within the range dictated by the two 
extremes of S as sulphide, or S as sulphate. Therefore the mean and its standard 
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deviation for the two values cover all possible S valences, and so the two values for all 
the samples have been averaged, and the 16s. d determined (errors propagated 
throughout the calculation). 
The detection limit (Cm; n) for the analyses has been determined 
following the 
method of Ancey et al. (1979), which states: 
_ 






where C, is the concentration of the element measured in the standard, I, and B, are 
respectively the peak and background intensities in counts/s of the standard, B. is the 
intensity of the background for the sample, and to is the time spent counting on the 
sample peak. The sample is a standard with S in the present case, and the background 
position used is the measurement of the intensity on the standard without S. Thus 4-16 
becomes: 





where Cm; n 
is as before, C, is the concentration of S in the standard in ppm, I, and Ib are 
respectively the counts/s on the standard with S and the standard without, and t is the 
count time. Cmin was determined for each of the sulphur containing standards, on both of 
the S ka peak of SZ" and of SO42", for each analytical session. To avoid overestimation of 
the accuracy of the results, the highest detection limit is used (between different 
sessions, this value remained constant at - 60 ppm). All the values of the sulphur 
contents of the experimental glasses, and their errors can be found in Table 4.2. 
85 
Chapter 4 The Solubility of Sulphur in Fluid-Saturated Melts 
4.3.1. c Crystalline Phases 
Analyses of the crystalline phases in the experimental samples were performed 
with the Cameca SX-50 microprobe. Analytical conditions were generally an 
accelerating voltage of 15 kV, a 15 nA beam current, and a focused beam. Count times 
and standards were the same as for the major elements of the glass (see 4.3.1. a above), 
with the addition of anhydrite as a standard for S in anhydrite and sodalites, zircon as a 
standard for Zr, NiO as a standard for Ni, and synthetic troilite as a standard for Fe and S 
in pyrrhotites or immiscible sulphide liquids. 
Problems encountered were that when phases were present, their dimensions 
were such that it was very difficult, if not impossible at times to obtain a glass-free 
analysis (i. e. the analysis suffered glass contamination). Also, it proved very difficult to 
distinguish sodalite and feldspar from glass in the phonolite. Thus, it is possible that 
some occurrences of these minerals may have been missed in microprobe examination. 
A similar problem (? ) exists for the detection of anhydrite in the rhyolite, i. e. when 
detected only 1-2 small crystals were found. This may be an artefact of polishing 
(anhydrite can easily be removed when polishing), or it may simply be a result of the 
scarcity of anhydrite in these experiments combined with the low CaO content of both 
starting compositions (more probable). This is discussed further in the results section. 
4.3.2 Scanning Electron Microscope 
A scanning electron microscope (SEM) has better imaging optics than the 
electron microprobe, and so the SEM allows one to study the textural and compositional 
relationships to a greater extent than just microprobe analysis alone. The SEM can also 
be used to check that no unidentified crystalline phases remain in the sample (e. g. 
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phonolitic glass can be very similar in composition to feldspar, and it can be impossible 
to distinguish between the two using the optics of a microprobe). For this study, a JEOL- 
JSM6400 SEM was used at ESEM (Universitd d'Orleans). The SEM was equipped with 
a KEVEX energy dispersive spectrometer (EDS), which permits semi-quantitative 
analyses (i. e. without standards). An accelerating voltage of 5-15 kV was used. Sample 
preparation was the same as for the electron microprobe (4.3.1). The SEM proved to be 
the most reliable method of identifying the presence and nature of the experimental 
phases. 
4.3.3 X-Ray Diffraction 
All XRD analyses were performed on an INEL CPS 120 powder X-ray 
diffractometer which has a position sensitive detector. Sample preparation consists of 
grinding an aliquot of the sample to be analysed in an agate pestle and mortar under 
acetone. The resulting powder is then introduced into a glass capillary of 300-700µm 
diameter, which is fused shut. A Co anode was used with an accelerating voltage of 35 
kV, and a current of 15-25 mA depending on how much time was available for each 
analysis, and the nature of the sample. 
4.3.3. a Phase identification 
The identification of crystal phases in crystal poor glass is a non-trivial task. 
With the aid of the JCPDS X-ray pattern database an attempt has been made to identify 
as many lines as possible in each spectrum. Many remain inconclusively identified. 
Similarly, problems occur when trying to distinguish between phases which have many 
peaks in similar regions. 
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4.3.3. b Determination of pyrrhotite composition 
For determining the composition of pyrrhotites with a view to calculating the 
f S29 the XRD is a highly accurate and well-calibrated method (Toulmin and Barton, 
1964; Yund and Hall, 1969). The only constraint of these calibrations is that the 
pyrrhotite must contain less than 0.6 wt% Ni, Co and Cu. The most recent calibration is 
that of Yund and Hall (1969), which determines the atom percentage (at%) of iron in the 
pyrrhotite as a function of the d102 spacing of the pyrrhotite unit cell, with an error of 
about 0.06 at% (Yund and Hall, 1969): 
at%Fe = 45.212 + 72.86(d102 - 2.04 + (d102-2 . 04)2 
4-18 
The position of the d102 spacing was determined relative to the position of the 
(200) and (201) cell-edges of synthetic a-quartz (the d102 line of pyrrhotites lies between 
the two quartz lines). The quartz was analysed as an external standard before and after 
each pyrrhotite spectrum was obtained. The quartz could not be used as an internal 
standard as some of the experimental samples contain quartz. 
Clemente (1998) performed a study to determine the presence of oxygen in 
pyrrhotites, as a function of f02 by EMPA. For pyrrhotites/FeS-rich immiscible liquids 
co-existing with melt, she found that pyrrhotite (defined as a FeS rich phase that has a 
sharp d102 reflection characteristic of a crystalline phase) is only stable below NNO+1. 
For FeS phases above NNO+1 had a broad, ill-defined d102 peak. In addition, some of 
these FeS phases were found to contain oxygen (although others may have as well, due 
to the analytical difficulties in determining oxygen content with the microprobe). In light 
of this, the fS2 has only been determined from pyrrhotite composition for those charges 
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whose f02 is inferior to NNO+1 (i. e. only xp75). For all the other samples, the fS2 has 
been estimated from a MRK equation of state for H-O-S gas mixtures (see 4.4). 
4.3.3. c Determination of sensor composition 
The phases present in the XRD powder diffraction spectrum of the sensors were 
first determined. In all cases only zirconia (the isolator for the sensor pellet from the Pt 
capsule wall), Ni-Pd alloy and NiO were found. There was no evidence for the presence 
of Pt, either as free Pt-metal or as a Pt-Ni-Pd alloy. There was also no trace of unreacted 
Ni or Pd, and the peak widths of the Ni-Pd alloy reflections were comparable to those 
from NiO, suggesting complete chemical homogeneity. 
The NiO present in the pellet was used as an internal standard, and synthetic a- 
quartz as an external standard for correcting the positions of the peaks of the Ni-Pd 
alloy, which were fitted with proprietary software. The lattice parameters of the alloy 
were determined from the fitted peak positions using a weighted least-squares fit. The 
uncertainty in this method is estimated to be ± 0.0001-0.0002 (la) for a° (in A), the cell 
dimension of the unit cell of the alloy (Pownceby and O'Neill, 1994). This value was 
then used to calculate the molar volume, V° (units J bar'), which is related to the mole 
fraction of Ni in the alloy, XN; °y, by the relation determined by Pownceby and O'Neill 
(1994): 
V°= 0.8861(2) - 0.15346(24)X"; °y - 0.1014(68)(X"; °y )2 + 0.0274(47)(X, ; '; °Y )3 4-19 
where the numbers in parentheses are the 1a uncertainties in the terms. Knowing the 
value of V°, XN; 0) was determined by iteration of 4-19. 
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4.3.4 FTIR Spectroscopy 
Crystal and bubble free samples selected for analyses by FTIR spectroscopy, 
were mounted in orthodontic resin and doubly polished down to 0.25 µm. The resulting 
parallel glass chips were cleaned ultrasonically in acetone and ethanol before use. 
Transmission FTIR spectra were collected at 4cm-' resolution for 512-1024 scans 
at the CNRS-CRSCM (Orleans, France), using a NIC-Plan IR microscope attachment 
(15X objective) and Nicolet Magna-IR 760 spectrometer configured with either a CaF2 
or KBr beamsplitter (depending on the spectral range examined), a white light source, 
and a MCT (HgCdTe) detector. All spectra were collected with the glass chips situated 
under the microscope objective, whilst resting on IR-transparent NaCl windows (2 mm 
thick). 
4.3.4. a Water Content 
Water content and speciation were determined from the infrared peaks 
corresponding to the vibrations of molecular water (- 5200 cm"') or hydroxyl groups 
(-4500 cm-'), using the CaF2 beamsplitter over the range of 1000-8100 cm-' (cf. Stolper, 
1982a; 1982b; Newman et al., 1986; Carroll and Blank, 1997). The background 
corrected absorbencies of these bands were determined by measuring the intensities at 
-4500 and 5200 cm-', with the total water content being calculated from the sum of the 
contributions of the two species. Absolute absorbencies of these bands were below 1 in 
all cases, within the range of linear detector response. Backgrounds were fitted with a 
user-adjustable cubic-spline function. The bands between -3000-4000 cm-' were not 
used, as the high water contents of the majority of the experimental glasses over- 
saturated the detector in this region, and also because the molar absorptivity coefficients 
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for these bands have not been determined for the phonolite. Similarly the first overtone 
at -7100 cm'' of the band at 3500 cm"' was not used, because the molar absorptivity 
coefficients for this band are unknown for the phonolite. 
The quantitative determination of water contents from the IR spectra requires 
calibration of the molar absorptivities of the bands of interest for the melt composition 
of interest (Stolper, 1982b; Newman et al., 1986). The Beer-Lambert law quantifies the 
relationship between absorption intensity and species concentration: 
18.015A 4-20 
ptE 
where c is the H2O concentration (in weight fraction), 18.015 is the molecular weight of 
H2O, A is the height of the absorbance peak, t is the sample thickness, p is the sample 
density (g! 1), and c is the molar absorptivity (1 mol" cm's). As the water contents of the 





iota, Pte4500 PtE5200 
4-21 
where A4500, AS200 refers to the absorbencies at - 4500 and 5200 cm's, and 64500, e5200 refer 
to the molar absorptivities of these bands. In this study, the values of Eason, and F-5200 used 
for MBPhon are those of Carroll and Blank (1997), and of Newman et al. (1986) for BT- 
7. The thicknesses of the polished samples were determined to ±2 µm using a Mitutoyo 
mechanical displacement gauge. 
The densities of the hydrous glasses were estimated using the procedure of Lange and 
Carmichael (1987; 1990), with compressibility data from Kress and Carmichael (1991). 
The densities were then corrected for the effect of water, assuming a decrease in density 
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of 15 gIl per wt% H2O dissolved in the glass (cf. Silver et al., 1990; Carroll and Blank, 
1997; Richet and Polian, 1998). The anhydrous density of the phonolite was determined 
to be 2450 g/1 (c. f. Carroll and Blank, 1997), and that of BT-7 to be 2345 g/l. For the 
purposes of the calculation, iron was assumed to be present in equal-molar quantities as 
FeO and Fe203 for both MBPhon and BT-7; aside from this, no attempt has been made 
to determine or estimate the iron-redox ratio present in the experimental glasses. This is 
because, the quantity of the glass synthesised was generally low, the glass was not 
always crystal-free, and the effect of water content on the iron-redox ratio is not yet fully 
understood (e. g. see Moore et al., 1995a; Baker and Rutherford, 1996b). 
4.3.4. b Evidence for the nature of sulphur in silicate melts 
A few spectra were taken using a KBr beamsplitter over the range 1000-4000 
cm"', in the hope that it might be possible to find peaks relating to the presence of 
sulphur in the silicate glasses. An example of one of the spectra is shown in Figure 
4.5(a), which was taken on sample MP18VII of Clemente (1998). MP18VII was 
synthesised at NNO-1.85, and contains 1000 ppm of sulphur, which is present as 
sulphate according to the determination of the speciation of sulphur in the glass by the 
peak shift of Ski, X-rays (Clemente, 1998). 
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Figure 4.5 FTIR spectra taken on sample MP18VII of Clemente (1998). (a) Peak at 
2595 cm-', possibly due to HZS from spectra taken on glass. (b) Spectra from the same 
sample taken on a fluid inclusion, with a strong peak for H2S (g). Note the slight 
difference in the position of the "H2S" peak between the two spectra, suggesting that the 
peak in (a) is not due to H2S from a fluid inclusion. 
The peak which is seen at 2595 cm-' is believed to be due to the presence of H2S 
in the melt, being the fundamental anti-symmetric stretching vibration of H2S (Herzberg, 
1945). For comparison, in Figure 4.5(b) is a spectrum of a fluid inclusion from the same 
sample. In this peak, there is a peak in a similar region but at a different position (2585 
cm''). This peak is much stronger and is believed to be the fundamental anti-symmetric 
stretching vibration of H2S in the liquid state (Herzberg, 1945; Nakamoto, 1978). Thus, 
the observations suggest the presence of H2S, but more work needs to be done to 
quantify this. 
4.3.5 Raman Spectroscopy 
An attempt was made to obtain Raman spectra for some of the experimental 
glasses. Test spectra were taken on the sample shown in Figure 4.5, at the CNRS- 
CRSCM with the assistance of Jean-Michel Beny. The spectra of this sample showed 
evidence of a peak in the glass at - 2600 cm'', which is the approximate position of the 
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symmetrical stretching vibration of H2S (Herzberg, 1945; Nakamoto, 1978). Test spectra 
on fluid inclusions from the same sample had a strong peak at 2610 cm-', possibly 
representing gaseous or liquid H2S (Herzberg, 1945; Nakamoto, 1978). 
A test spectrum was also taken for xp74/12, which showed evidence of a peak 
around 1000 cm-' which could be due to the symmetrical stretching vibration of S042" 
(Herzberg, 1945; Nakamoto, 1978). However, this peak is not. very well defined, being 
on the limb of a large peak that is due to an aluminosilicate network stretching vibration. 
Raman spectra from 1 or 2 samples are not enough to provide the confidence necessary 
to make a band assignment, but they illustrate that additional work should be performed. 
Thus, these test spectra have shown that it may be possible to determine something of 
the nature of the bonding of sulphur in silicate melts directly, if the silicate melt contains 
enough sulphur. 
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Chapter 4 The Solubility of Sulphur in Fluid-Saturated Melts 
4.4 Determination of Fluid Phase Composition 
4.4.1 Estimation of Fugacity Coefficients 
The composition of the fluid phase coexisting with the experimental melts has 
been modelled using a modified Redlich-Kwong (MRK) equation of state (Redlich and 
Kwong, 1949; Holloway, 1977) to estimate the fugacity coefficients of the gas species 
considered in the system. The type of MRK used is that of Holloway (see Holloway, 
1977; Ferry and Baumgartner, 1987, for descriptions): 
_ 
RT 
_a PV-b (VZ + bV)TI 
4-22 
where P is pressure; V, volume; T, temperature in Kelvin; R is the gas constant; and a 
and b are species specific parameters The a parameter accounts for the attractive 
potential between molecules, and the b parameter for the volume occupied by the 
molecules in the fluid (more details can be found in Holloway, 1977; 1981; 1987; Ferry 
and Baumgartner, 1987). 
In this study, the fluid component is assumed to lie in the H-O-S system, and any 
contributions from either N2 in the air, or small amounts of carbon present either in the 
starting materials or contributed from acetone, are ignored. It is certain that there is some 
carbon in the starting materials as there are both natural materials. However, as the 
quantity will be the same for each experiment, the relative difference between each 
should not be significantly affected. The non-volatile components of the silicate melt are 
assumed to be completely insoluble in the fluid phase, which is not too unrealistic since 
as this study was conducted at pressures sufficiently low, where the solubilities should 
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be very low compared to what they are at 15 kbar for example (Kennedy, 1950; 
Kennedy et al., 1962; Anderson and Burnham, 1965). The most important species in the 
H-O-S system are HZ, H2O, 02, S21 SO2, and H2S (Eugster and Skippen, 1967; Holloway, 
1987). SO, SO3, and HS are all present at fugacities about 3 log units below that of fS2 
(Eugster and Skippen, 1967). 
The a and b of the pure gas species assumed in this study have been determined 
from the critical temperature and pressure of the pure gases using the corresponding 
state method (Redlich and Kwong, 1949; Holloway, 1977; 1987; Ferry and 
Baumgartner, 1987), except for the a and b parameters of H2O, which are those of 
Holloway (Holloway, 1981). The critical temperatures and pressures used for the other 
gases are those of Shi and Saxena (1992), with their estimation of the critical values of 
S2. The application of equation 4-22 to fluid mixtures is well explained in Ferry and 
Baumgartner (1987) on pages 335-339,341-343, along with the rules for calculating the 
values of a and b for the mixture. 
4.4.2 Calculation of Fugacities 
The fugacities of the gas species in the fluid phase have been calculated using 
equilibrium constant equations and the constraint of mass balance (cf. Eugster and 
Skippen, 1967; Holloway, 1987). For the system to be fully constrained, the phase rule 
states that two independent intensive parameters must be known, in addition to 
temperature and pressure (there are 3 components, H, 0 and S; 1 phase, the fluid; and so 
4 degrees of freedom). In this study, two different solutions to the equations have been 
used. There are three equations and the mass balance constraint necessary to describe the 
system: 
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K, n =ff2 4-25 fSzz "f0z0 
I=X 
H20 
+ XHZ + XHZS + XS=. + XS02 + X02 4-26 
where equation 4-23 is the same as 4-4, the equilibrium constants are calculated from the 
standard free energies of formation (Robie et al., 1979) at the temperature of interest, 
and X; is the mole fraction of i in the fluid phase. In practice as X02 is so small in the 
system studied that it can be omitted from the mass balance equation. Defining the 




the fugacities can be expressed in mole fractions, or vice-versa. The fugacity coefficients 
are calculated by the MRK from 4.4.1. The y, 's have been calculated assuming non-ideal 
mixing occurs. Here, an initial guess of the composition has been made, the ys 
calculated, and used in equations 4-23 to 4-26 to calculate new estimates of X; which 
have then been used to recalculate the fugacity coefficients. This iterative process 
continues until the change between iterations is sufficiently small. 
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4.4.2. a Solution Method I 
This was the default method of solving the equations for experiments xp30-74 
and as a check for xp75 (see below). In this method the two extra independent 
parameters used for the solution were fH2 and fH2O; knowing these f02 is fixed by 4- 
23, and by doing a bit of rearranging fS2 can be expressed in terms of fH2S (4-25), and 
f H2S in terms of f S02 (4-26) after changing mole fractions to fugacities with 4-27, and 
with a little more work everything is determined. When the values obtained by this 
method were unrealistic (e. g. the combined total of the mole fractions of the fluid 
species being greater than 1.0, occurring when the f H2O of the charge was very high - 
greater than that expected for pure H2O at the experimental conditions), the f H2O was 
set to the value of pure H20. 
4.4.2. b Solution Method 2 
This was used for the charges of xp/75 that contained pyrrhotite. The presence of 
pyrrhotite enabled the direct determination of fS2 as described in 4.2.7, and this with the 
fHz fully constrains the set of equations. Thus, the solution was effected in a manner 
similar to that described in the previously. These values are preferred to those calculated 
using fH2 and fH20, as the values for fHZO have been extrapolated outside the 
calibrated range (the calculation of fH20 being valid to 1.5 and 2 kb for MBPhon and 
BT7 respectively). This is not the case with the determination of fS2 from pyrrhotite 
composition, which was effected within its range of calibration. 
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4.4.3 Check on Consistency 
To check on the validity of the fluid phase composition estimated from 
calculation of fluid phase equilibria (Eqns. 4-23 to 4-26), I have also calculated the fluid 
phase composition using mass balance constraints. Mass balance dictates that the 
quantity of S in the fluid phase equals the initial amount of S in the charge minus that 
taken up by the glass and any S-bearing phases; a similar calculation gives the amount of 
H20 in the fluid phase, and then it is trivial to calculate the wt% of S in the fluid phase. 
If the data for a particular charge did not pass the test the data has not been further used. 
Figure 4.6 shows the wt% S calculated using Eqns. 4-23 to 4-26 to be in the fluid phase 
against the wt% S calculated to be in the fluid phase by mass balance. If the calculated 
fluid phase composition is reasonably accurate, then the data of the plots of Figure 4.6 
for all the samples should plot along the 1: 1 ratio. It is seen that this is not always the 
case. The charges whose data are used, are those that provide the data of the lower two 
plots of Figure 4.6. The data for the fluid phase of all charges are in Table 4.7 (the 
fugacities for the "reliable" samples are also shown in Table 4.2). 
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Figure 4.6 Comparison of wt %S in the fluid phase calculated by mass balance and 
by MRK. Shown are the comparisons for both MBPhon and BT7, before and after the 
subtraction of points judged unreliable. See text for details. 
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4.5 Results for MB Phon 
Experimental results on the MB phonolite starting composition show 
considerable variability depending on the amount of sulphur added (fS2), oxidation state 
(f 02) and total pressure. In the following sections I present the data on phase relations, 
then the sulphur solubility results, followed by results concerning the partitioning of 
sulphur between the silicate melt and co-existing vapour phase. 
4.5.1 The Crystalline Phases 
4. S. 1. a The Effect of fH2 on the Stability of Sulphur-Bearing Minerals and the Phase 
Assemblage at Constant Pressure 
Experiments xp70,73, and 75 were all performed at 2 kbar and 930 °C with 
fH2's between 0.01 and 44.4 bar. The phase assemblages shown in Fig. 4.7 indicate that 
a large quantity of S must be added to stabilise FeS-rich immiscible sulphide liquid it at 
low fH2. Under reducing conditions (e. g. fH2 = 44.4 bar) well-crystallised pyrrhotite 
appears when 0.47 wt% S is added. Corundum and mullite are only stable under 
conditions of very low fH2, and high-added S contents. The Fe-Ti oxides are hematites 
at the lowest fH2; more reduced experiments have Ti-poor magnetites. Sodalite, 
feldspar, and anhydrite were not found in any of the samples run at 2 kbar. 
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Figure 4.7 MB Phon phase assemblage at 2 kbar, 930 °C as a function of fH2 and 
the wt% S in the charge. Phase abbreviations are: ml, melt; fl, fluid; hem, hematite; 
mag, magnetite; crn, corundum; mul, mullfite; fes, FeS-rich immiscible sulphide liquid; 
po, pyrrhotite; zrn, zircon. 
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Figure 4.8 Phase assemblage at fH2 = 0.01 bar, 930 °C as a function of P and the 
wt% S in the charge for MB Phon. Phase abbreviations are as in Fig. 4.7 with the 
following additions: afsp, alkali feldspar; sdl, sodalite. 
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4.5.1. b The Effect of Pressure on the Stability of Sulphur-Bearing Minerals and the 
Phase Assemblage at Constant fH2 and 930 °C 
The phase assemblage for MB Phon at fH2 = 0.01 bar, 930 °C and 500-3940 bar 
total pressure is shown in Figure 4.8. The phase relations are more complicated than 
those at 2 kbar total pressure. Sulphur rich sodalite is stable at 511 bars for all values of 
wt% Sm. Feldspar of constant composition (-. An650r32) coexists with the sodalite above 
1 wt% Si., and with increasing Sm, the quantity of feldspar increases until the charge is 
completely crystalline (at - 4.7 wt% Si,, ). Ilmenite-containing hematites (typically 
between 6-20 mol% ilmenite) co-exist with the sodalite up to at least 1 wt% S, n; 
by 2.4 
wt% S;, the oxides have been replaced by an FeS-rich immiscible liquid. At higher 
pressures, the stability domain of the iron-titanium oxides is extended, up to 4.4 wt% S,,, 
at 1.5 kbar. Because of this, stabilisation of FeS requires addition of - 4.5 wt% S,,, at 4 
kbar, and less S at lower pressures. Corundum is stable at 1.5 kbar and above for - 4.2 
wt% S, n and higher; similarly, mullite is stable at 
2 kbar and above, for 4.5 wt% Sand 
above. 
4.5.1. c The Effect of Pressure on the Stability of Sulphur-Bearing Minerals and the 
Phase Assemblage at 850 °C 
Samples synthesised in CSPVs are generally more crystal rich than those 
produced in the higher temperature IHPV experiments. The phase relations for these 
samples, considered as functions of P and wt% S;, show sodalite stable above 1.5 wt% 
Si,, up to 1 kbar, but needing over 2 wt% S;,, to stabilise it at 1.5 kbar. Clinopyroxene was 
found to be stable below 1.5 kbar for wt% Si,, < 2.5; feldspar was stable at 500 bar for 
wt% Si,, < 2.5. 
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4.5.2 The Effect of fH2 and fS2 on Sulphur Solubility at Constant Pressure 
4.5.2. a Major Element Variation 
It is important to document any changes in the major element compositions of 
the experimental glasses if we wish to relate observed changes in S solubility to changes 
in parameters like pressure, f H2. f S2, etc. It is known, for example, that melt iron and 
alkali concentration can have large influence on S solubility (Nagashima and Katsura, 
1973; Papadopoulos, 1973; Haughton et al., 1974; Katsura and Nagashima, 1974; 
Danckwerth et al., 1979; Luhr, 1990; Metrich and Clocchiatti, 1996). 
Figure 4.9 shows major element concentrations plotted against fH2 for all the 
MB Phon charges which were run at 2 kbar. In general, no significant variations are 
observed except for some of the charges run at the most oxidised (low fH2) conditions. 
The variations in SiOZ and A1203 for the samples where fH2 = 0.01 bar is due to the 
crystallisation of corundum and mullite from the melt, depleting it in A1203, and thus 
"enriching" the amount of Si02. The variations seen for the alkalis and CaO could reflect 
the crystallisation of small amounts of sodalite, and possibly some not insignificant 
solubility in the fluid phase. Consistency in the analyses of the glass standards with 
variable amount of H2O makes it unlikely that these are bad analyses. FeO variations 
arise from the crystallisation of iron oxides or FeS from the melt. 
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T=930±5°C, P=2.00±0.05 kbar 
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Figure 4.9 Major element composition (anhydrous) of the glass, plotted against fH2, 
for all MB Phon glasses which were run at 2 kbar. Shaded regions are the domains of 
the concentrations of the oxides in the starting material ± average analytical error. 
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4.5.2. b Sulphur Content as a Function of fH2 at Various fS2's 
T=930±5°C, P=2.00 ± 0.05 kbar 
f H2 









Figure 4.10 Concentration of S in the experimental glasses as a function of fH2. The 
numbers next to the points represent the log f SZ relative to the FFS buffer. 
The sulphur content of the experimental glasses is a function of both fH2 and fS2 
(Fig. 4.10). At low fH2, the sulphur content of the melt is much higher than for the same 
f S2 under higher fH2. 
To show the variation of sulphur solubility, major element and melt water 
content with fS2 (or wt% S1) the data are also presented at fixed fH2. Results at fH2 = 
44.4 bar are shown in Figures 4.11. For experiments in which log fS2 is known (Fig. 
4.1 1a), the solubility of sulphur in the glass is close to the detection limit (- 60 ppm) 
until -AFFS+6, when there is an exponential increase. This increase in the sulphur 
content of the glass parallels the observed decrease in the water content and iron content 
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of the glass (Fig. 4.1lb, c). As melt iron content decreases from 2.5 to 0.1 wt%, the 
amount of sulphur dissolved in the melt increases, in parallel with an increase in f S2' 
Similar relations between melt FeO, S and H2O are seen when the data are plotted as a 
function of the amount of S added (Fig. 4.11 d-f). 
The data at fH2 = 0.43 bar plotted against OFFS (Fig. 4.12a) show an exponential 
increase in melt S content with OFFS from OFFS+3.5, though the point with the lowest 
melt sulphur content lies away from the trend. Unfortunately, we do not have data at 
fS2's lower than OFFS+3.5. Variations in H2O and FeO with fS2 (Fig. 4.12b, c) and melt 
S content are similar to those observed in the fH2 = 44.4 bar experiments. The decrease 
in FeO can be explained by the crystallisation of Fe-Ti oxides. The observed decreases 
in CaO, K20 and Na20 (Fig. 4.12d-f) with increasing fS2 cannot be explained by 
crystallisation of the samples. A possible explanation is that the alkalis and alkaline 
earths are partitioned into the fluid phase. The data expressed as a function of the wt% S 
added (Fig. 4.13) show the same general trends observed for samples in which fSZ is 
known. 
Results obtained at fH2 = 0.01 bar (Fig. 4.14-4.15) are similar to those obtained 
at fH2 = 0.43 and 44.4 bar; with increasing fS2 or Si, the melts contain increased S and 
decreased levels of H2O, FeO, CaO, Na20 and K20. The decrease in FeO can be 
explained by the crystallisation of Fe-Ti oxides, but there are no crystalline phases to 
explain the lower CaO, Na: O and K20 values, and these probably reflect their 
partitioning between the melt and fluid phase. 
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Figure 4.11 Melt Concentrations of sulphur, H2O and FeOtota, as functions of fS2 (a- 
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Figure 4.12 Melt Concentrations of sulphur, H2O and FeO,.,.,, CaO, K20 and Na20 
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Figure 4.13 Melt Concentrations of sulphur, H2O and FeO,.,.,, CaO, K20 and Na20 
as functions of wt %S added. 
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Figure 4.14 Melt Concentrations of sulphur, H2O and FeO,,,,.,, CaO, K20 and Na20 
as functions of f S2* 
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Figure 4.15 Melt Concentrations of sulphur, H2 O and FeOtote CaO, K20 and Na2O 
as functions of wt% S added. 
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4.5.3 The Effect of Pressure and fS2 on Sulphur Solubility at Constant fH2 
4.5.3. a Major Element Variation 
Melt compositions in phonolite charges run at fH2 = 0.01 bar and P=0.5-4 kbar 
show no significant variations in K20, Ti02, MnO and P205 (Fig. 4.16). There are much 
larger variations for Si02, A1203, Na20, CaO, MgO and FeO. The variations in FeO are 
due to the crystallisation of Fe-Ti oxides and FeS, those of Na2O are due to the 
crystallisation of sodalite at low pressure, and possible partitioning of Na20 into the 
fluid phase (as for the 2 kbar results). The variations in Si02 and A1203 are due to the 
crystallisation of hematite-ilmenite, resulting in more peraluminous melts. This 
eventually results in the crystallisation of corundum and mullite, as observed in all 
samples with melt Si02 contents above 63 wt%. 
4. S. 3. b Sulphur Content as a Function of Pressure at Various As 
Figure 4.17 shows the concentration of S in the glass for MB Phon at f 1l, = 0.01 
bar and P from 0.5-4.0 kbar. The data suggest that the S content of the glass increases 
with increasing pressure at fixed fS2, but the exact relation is unclear because f SZ is not 
known for many samples. The data as presented suggest that there may be a large 
increase in S solubility between 500 bar and 1500 bar. However, the charges with the 
highest S contents from the experiment at 500 bar (xp72) were found to contain 
insufficient glass to analyse, and so this may just be an artefact of the available data. 
For the experiments with the MB Phon at 500 bar (Fig. 4.18) only 3 of the 6 
successful experiments had sufficient glass to analyse; they were the 3 samples with the 
lowest amount of S added. The sulphur contents of the glass of all the charges is in the 
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Figure 4.16 Glass major element composition (normalised anhydrous) as a function 
of Ptota for all MB Phon samples run at fH2 = 0.01 bar. Shaded regions are the 
domains of the concentrations of the oxides in the starting material ± analytical error. 
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Figure 4.17 Concentration of S in the experimental glasses as a function of Pt,,,.,. The 
numbers next to the points represent the log fS2 relative to the FFS buffer. The *'s 
represent charges with additional H2O added. 
range 300-500 ppm. It is not clear, why the charge with 0.98 wt% S,, has a higher Na20 
content than the other two charges. The trends at 1.5 kbar, fH2 = O. Olbar are basically 
the same as seen previously for MB Phon, whether plotted against OFFS (Fig. 4.19), or 
against wt% Si,, (Fig. 4.20); S content increases with fS2, and as this occurs, the H20, 
FeO, CaO, K20 and Na2O contents of the melt decreases. The sharpest decreases (in 
terms of the relative proportion of a component, compared to its original proportion) are 
for FeO and CaO. 
The trends at 3940 bar (Fig. 4.21) are of the same form as seen before. The 
sulphur content of the glass is 2800 ppm with 4.5 wt% S. Due to a lack of data, it is not 
known what happens to the sulphur content of the glass for quantities of wt% Si,, of 
between 1-4 wt%. It is only known that the sulphur content increases from 70 ppm for 
200ppm Sin, to - 1400 ppm for 0.47-0.93 wt% Sin. It is not clear why there is effectively 
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no difference in sulphur content of the melt with 0.43 wt% Si,, and the melt with 0.93 
wt% 5j,. 
4.5.4 Melt-Vapour Partitioning 
Figure 4.22 shows the relations between the wt% of fluid phase, the wt% of S in 
the fluid phase and of the melt-vapour partition coefficient (DFluid/melt) of sulphur as 
functions of fS2. The composition of the fluid phase was calculated by the methods 
described in 4.4. The wt% of fluid phase stays constant until AFFS+6 for fH2 = 0.43 and 
44.4 bar, and until fS2 = t1FFS+2 for fH2 = 0.01 (irrespective of pressure), from which 
point it rapidly increases. The same trend is exhibited for the wt% S in the fluid phase, 
with the fluid phase becoming very sulphur rich (> 30 wt% S) at the highest fS2's 
investigated. Dfl,, idl ,t increases with increasing fS2 for all conditions, following the type 
of evolution exhibited in Fig. 4.22a. Over the range of conditions for which data are 
available f O2 appears to be more important in controlling melt-vapour partitioning than 
pressure (compare fH2 = 44.4 and 0.01 bar). 
Fig. 4.22d shows the wt% S in the fluid phase versus melt S content for all the 
charges in Fig. 4.22a-c. The data has been linearly regressed, and the 99% confidence 
band is given. The "q" value (a measure of the believability of the chi-square) of the 
model is « 0.001 (see annotation; Fig. 4.22d) suggesting that the model is not valid. 
However, "Pr" (the linear correlation coefficient) = 0.73, suggesting a good correlation 
between wt% S in the fluid phase and melt S content. Given the uncertainties in the 
determination of the amount of S in the fluid phase, the model provides a working 
estimate for the melt-vapour partitioning of MB Phon. The value of D, suj me given 
by 
the model (the gradient of the curve-fit) is - 130. 
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T=93015°C, fH2= 0.01 bar, P=500t50bar 
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Figure 4.18 Melt Concentrations of sulphur, H2O and FeO, ote 
CaO, K20 and Na20 
as functions of wt% S added. 
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Figure 4.19 Melt Concentrations of sulphur, H2O and FeO,.,.,, CaO, K20 and Na. 0 
as functions of f S2* 
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Figure 4.20 Melt Concentrations of sulphur, H2O and FeO, (,,.,, 
CaO, K20 and Na2O 
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Figure 4.21 Melt Concentrations of sulphur, H2O and FeO,.,.,, CaO, K=O and Na2O 
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 Figure 4.22(a-c) Wt% of fluid phase, wt% of S in the fluid phase, and 
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functions of AFFS; (d) wt% S in fluid phase versus S in the melt. 
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4.6 Results for BT7 
4.6.1 The Crystalline Phases 
4.6.1. a The Effect of fH2 on the Stability of Sulphur-Bearing Minerals and the Phase 
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Figure 4.23 Phase assemblage at 2 kbar and 930 °C as a function of fH2 and the 
wt% S in the charge for BT7. Phase abbreviations are: ml, melt; fl, fluid; anh, 
anhydrite; crn, corundum; po, pyrrhotite; mul, mullite; cpx, clinopyroxene; qtz, quartz; 
rt, rutile. 
The phase assemblage for BT7 at 2 kbar total pressure over a range of fH2 is 
shown in Figure 4.23. The stability fields of the major phases are shown. The major 
difference between the data at these conditions, and the equivalent for MBPhon (Figure 
4.7) is that anhydrite is stable at fH2's of 0.43 bar and below for the rhyolite, whereas 
anhydrite was not found in the phonolite. At fH2 = 0.01 bar, less than 0.2 wt% of added 
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S is needed to stabilise anhydrite in the melt, compared to between 1-2.2 wt% at fH2 
0.43 bar. The position of the corundum and mullite boundary is approximately the same 
as for the phonolite under these conditions. FeS is only found to be stable at fH2 = 44.4 
bar, where it is present as pyrrhotite. However, there was no successful experiment at 
fH2 = 0.43 bar with 5.00 wt% S added. 
4.6.1. b The Effect of Pressure on the Stability of Sulphur-Bearing Minerals and the 
Phase Assemblage at Constant fH2 and 930 °C 
The phase assemblage for BT-7 at fH2 = 0.01 bar, 930 °C and 500-3940 bar total 
pressure is shown in Figure 4.24. The phase relations are more complicated than those at 
2 kbar total pressure. Anhydrite stability shows a positive pressure dependence, 0.11 
wt% S being necessary to stabilise it at 1.5 kbar, whilst about 0.9wt% S appears to be 
necessary at 3.9-4.0 kbar. Anhydrite was not found in all charges with initial sulphur 
contents greater than this. Feldspar is only stable at 500 bar, for the range of conditions 
investigated. Quartz is stable at all the pressures investigated for values of wt% Sin in 
excess of 2.4 wt%; Fe-Ti oxides disappear from the melt at this stage. Corundum is 
stable from 2.3 wt% Sin at 3.9 kbar, and needs between 2.4-4.6 wt% Sin to stabilise it at 
2 kbar; corundum was not found in the conditions investigated at 0.5 or 1.5 kbar. 
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Figure 4.24 Phase assemblage at fH2 = 0.01 bar and 930 °C as a function of P and 
the wt% S in the charge for BT-7. Phase abbreviations are: ml, melt; fl, fluid; anh, 
anhydrite; crn, corundum; fes, immiscible sulphide liquid; fsp, feldspar; afsp, alkali 
feldspar; hem, hematite; ilm, ilmenite; mul, mullite; qtz, quartz. 
4.6.1. c The Effect of Pressure on the Stability of Sulphur-Bearing Minerals and the 
Phase Assemblage at Constant fH2 and 850 °C 
In the experiments of BT7 run at 850 °C and the fH2 of the NNO buffer, an 
immiscible sulphide liquid was stable under all the conditions investigated. Anhydrite 
was not identified in any of the charges. Alkali feldspar was present for all initial 
sulphur contents at 500 bars, and plagioclase was present for initial sulphur contents in 
excess of 4.5 wt% at 1.5 kbar. Quartz was sporadically stable. Mullite was stable for an 
initial sulphur content of -r 8.9 wt% at 1 kbar. 
4.6.2 The Effect of fH2 and fS2 Sulphur Solubility at Constant Pressure 
4.6.2. a Major Element Variation 
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Figure 4.25 shows variations of the major element component of the quenched 
glasses as a function of fH2 for all charges of BT-7 run at 930 °C and 2 kbar. It is seen 
that variation in the major element composition of the glasses is generally minor, and 
that the small amount of crystallisation of the samples has not significantly affected the 
glass composition. 
4.6.2. b Sulphur content as a Function of fH2 at Various fS2's 
Figure 4.26 shows the concentration of S in the glass of the BT-7 samples at 2 
kbar and 930 °C. It is seen that the highest sulphur contents are obtained at the lowest 
fH2's, reaching 4800 ppm for the most S rich charge. As for the phonolite, the sulphur 
content of the melt is higher for a given f S2 under conditions of low fH2 than at high 
f H2, 
The data at fH2 = 44.4 bar are shown in Fig. 4.27. The melt sulphur content 
increases exponentially with OFFS (Figure 4.27a-c), though data is scarce at lower f SZ. 
= Melt H2O and iron contents decrease with increasing OFFS (or wt% Si,, ). Data at fH2 
0.43 bar are shown in Fig. 4.28; the variation of melt sulphur content with the amount of 
S added is similar to that of the fH2 = 44.4 bar data. Decreases in CaO are due to 
crystallisation of small quantities of anhydrite, whereas for Na20 it is tentatively 
attributed to the partitioning of sodium into the fluid phase (Figs. 4.28d, f). The melt 
sulphur content at fH2 = 0.01 bar increases in with increasing fS2 (Figs. 4.29a and 
4.30a); almost 5000 ppm of S is dissolved in the melt for AFFS+2. The point which lies 
close to 1000 ppm S and 4.6 wt% Si,, has an abnormally low S content (Fig. 4.30a); a 
possible explanation is that the analysis for sulphur contains crystalline contamination 
(e. g. of mullite or quartz). 
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Figure 4.25 Major element composition (normalised anhydrous) of the glass, 
plotted against fH2, for all BT-7 glasses run at 2 kbar and 930 °C. Shaded regions 
are domains of the concentrations of the oxides in starting material ± mean analytical 
error. 
134 
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 
log fH2 
fH2, bar 
0.01 0.43 44.4 
-2.0 -1.5 -1.0 -0.5 0.0 051.0 1.5 log f l-12 
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 
log fl-12 
fl-12, bar 
0.01 0.43 44.4 
Chapter 4 The Solubility of Sulphur in Fluid-Saturated Melts 
T=930±5°C, P=2.00± 0.05 kbar 
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Figure 4.26 Concentration of S in the experimental glasses as a function of fl-12. The 
numbers next to the points represent the log fS2 relative to the FFS buffer. The *'s 
represent charges with additional H2O added. 
135 
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 log f H2 
Chapter 4 The Solubility of Sulphur in Fluid-Saturated Melts 
T 930±5°C, P 2.00t0.05kbar, fH2 44.4 bar 
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Figure 4.27 Melt concentrations of sulphur, H: O and FeO,.,., as functions of fS2 (a- 
c) and wt %S added (d-f). 
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T=930±5°C, P=2.00 ± 0.05 kbar, fH2 = 0.43 bar 
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Figure 4.28 Melt concentrations of sulphur, H2O, FeO,,,,.,, CaO, K: O and Na20 as 
functions of wt% S added. 
137 
0.0 0.5 1.0 1.5 2.0 
wt% Sin 
Chapter 4 The Solubility of Sulphur in Fluid-Saturated Melts 






























0.1 I1 ,. 
0.0 
T-'T fr 













-8 -6 -4 -2 02 -8 -6 -4 -2 
02 
OFFS OFFS 
Figure 4.29 Melt concentrations of sulphur, HZO, FeO,.,.,, CaO, K20 and Na20 as 
functions of f S21 
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Figure 4.30 Melt concentrations of sulphur, HZO, FeO,.,.,, CaO, K2O and Na2O as 
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4.6.3 The Effect of Pressure and fS2 on Sulphur Solubility at Constant fH2 
4.6.3. a Major Element Variation 
Figure 4.31 shows the variation in the major elements for all BT-7 charges run at 
930° C and fH2 = 0.01 bar. Variations in Ti02, MnO and P203 are of no consequence. 
Those of FeO, A1203, and CaO are due to the crystallisation of phases which bear these 
(e. g. Fe-Ti oxides, corundum, mullite, anhydrite); whilst those of Na20 and K2O are due 
to crystallisation of alkali feldspars, and possibly some loss of alkalis to the fluid phase. 
Variation in MgO results from Mg being taken up as a minor component of crystallised 
phases. Finally, the high values that are seen for silica result from the concentration of 
silica in the melt, other elements being removed by crystallisation. 
4.6.3. b Sulphur Content 
Figure 4.32, of the BT7 data at 930° C, f H2 = 0.01 bar implies that with 
increasing pressure, more sulphur is dissolved in the melt for the same fS2. This cannot 
be confirmed for the experiment performed at 3.9 kbar, as no values of fS2 are available 
for this experiment. However, these observations could also result from variations in f O2 
between charges. 
The data at 500 bar show melt sulphur content increasing with increasing fS2 or 
wt% Si,, (Figs. 4.33a and 4.34a). Similarly, melt water content decreases with increasing 
fS2, reflecting the dilution of H2O in the fluid phase (Fig. 4.33b). Decreases in melt 
FeOtota,, CaO, Na20 and K20 contents are more evident from plots of them against OFFS 
(Figure 4.33), than those of them against wt% Sin (Figure 4.34) and are due to 
crystallisation. 
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Figure 4.31 Major element composition (normalised anhydrous) of the glass, 
plotted against Ptota for all BT-7 glasses which were run at f H2 = 0.01 bar. Shaded 
regions are domains of the oxides in starting material ± mean analytical error. 
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T=93015°C, fH2=0.01± 0.01 bar 
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Figure 4.32 Concentration of S in the experimental glasses as a function of PO,.,. The 
numbers next to the points represent the fS2 relative to the FFS buffer. The *'s represent 
charges with additional H2O added. 
The data of the 1500 bar experiment are plotted against the wt% of S added in 
Fig. 4.35. Melt sulphur content increases with increasing wt% Sm (Fig. 4.35a). Trends 
for the other data are similarly to those seen before. The trends for the data at 3940 bar 
are the same as seen before (Fig. 4.36). Melt sulphur content ranges from 80ppm to 3200 
ppm with initial sulphur contents of 0.01 and 2.32 wt% respectively (Fig. 4.36a). A 
charge with higher initial sulphur content (4.61 wt%) has only 1860 ppm of dissolved 
sulphur in the melt. The difference in the sulphur content of these two samples probably 
reflects the different melt composition of the two samples, due to their different phase 
assemblages and degrees of crystallisation. 
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Figure 4.33 Melt concentrations of sulphur, H20, FeO,,,,.  CaO, K, O and Na20 as 
functions of f S2- 
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Figure 4.34 Melt concentrations of sulphur, H20, FeO, o, Y 
CaO, K20 and Na20 as 
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Figure 4.35 Melt concentrations of sulphur, H20, FeO,.,.,, CaO, KO and Na2O as 
functions of S added. 
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Figure 4.36 Melt concentrations of sulphur, HZO, FeO,,,,.,, CaO, K, O and Na2O as 
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4.6.4 Melt-Vapour Partitioning 
Figure 4.37 shows the relations between the wt% of fluid phase, the wt% of S in 
the fluid phase and of DFluidfine,, as functions of fS2. The composition of the fluid phase 
was calculated as described in 4.4. The wt% of fluid phase stays constant until OFFS-2 
for fH2 0.43 and 0.01 bar, and until OFFS+6 for fH2 = 44.4 bar from which point it 
rapidly increases. The same trend is exhibited for the wt% S in the fluid phase. DSu; d, me,, 
increases with increasing f S29 following the type of evolution seen in Figure 4.37a. 
D, sui 
me, t 
is an order of magnitude higher in the fH2 = 44.4 bar samples than in the 
others. 
Figure 4.37d shows the wt% S in the fluid phase against melt S content for all the 
charges in Figures 4.37a-c. Two linear regressions have been performed upon the data; 
one upon the f H2 = 44.4 data, the other upon the rest of the data. The regression to the 
reduced data gives a value of D; u; d, me,, of - 
470, whereas the other data can be modelled 
with aD fluj&meit of - 75. This suggests that the partitioning of sulphur is much more in 
favour of the fluid phase under reducing conditions, than under oxidising ones in 
rhyolitic melts. 
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Figure 4.37(a-c) Wt% of fluid phase, wt% of S in the fluid phase, and DnUjd, fICJ( as 
functions of AFFS; (d) wt% S in fluid phase versus S in the melt. 
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Figure 4.37 (cont. ) 
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4.7 Discussion 
4.7.1 The Stability of Sulphur-Bearing Phases 
4.7.1. a Pyrrhotite and Immiscible Sulphide Liquid 
Figure 4.38 shows the phase assemblages of MB Phon and BT-7 at 2 kbar total 
pressure in f 02 - "wt% S;., " space. The phase assemblages of MB Phon and BT-7, at 930 
°C and a fH2 of 0.01 bar, as functions of total pressure and the wt% of S added to the 
charge have already been shown as Figures 4.8 and 4.24, respectively. Pyrrhotite was 
found stable for f02's of NNO-2 to NNO-1 at 930 °C, in agreement with the results of 
previous studies (Carroll and Rutherford, 1985; 1987; Luhr, 1990; Clemente, 1998). 
Runs with high initial sulphur in the most oxidised experiments occasionally contained 
blebs of immiscible sulphide liquid. These blebs occurred more frequently in the 
phonolite than in BT-7, where they only occurred in one charge run at 500 bar (the f O2 
of this run was - NNO+3). In MB Phon, the A'S over which these immiscible sulphide 
liquids occurred was from NNO+2 at 500 bar to NNO+5 at 4 kbar. Previous studies (e. g. 
Naldrett, 1969; Haughton et al., 1974; Kress, 1997b) in the system Fe-S-0 at 1 
atmosphere have shown that oxygen-containing immiscible sulphide liquids can be 
stabilised at high f02's. These liquids only occur in those charges with the highest initial 
sulphur contents, and though the f S2's of many of these charges are unknown, it is 
probable that they had a high fS2 as well (by comparison to those experiments where a 
large number of fS2's have been determined; e. g. xp75). 
The few experiments that were performed at 850 °C all contain immiscible 
sulphide liquid. The f O2's of these experiments are between NNO and NNO+1. 
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Clemente (1998) found that immiscible sulphide liquid was stable in her experiments 
above NNO for temperatures from 800-1000 °C. Fe-S-O was not found in any of the 
charges of xp70, which was run at -NNO+3,2 kbar and 930 °C. The lack of Fe-S-O 
liquid in this experiment may be explained by the reaction 
Fe304 (s) +3 S2 (g) t* 3FeS(1) + 202 (g) 
where Fe304(s) is magnetite and FeS(I) is immiscible sulphide liquid. This reaction is 
similar to the one proposed by Carroll and Rutherford (1985) for the oxidisation of 
sulphide liquid to form anhydrite and magnetite. The above reaction is for the case when 
anhydrite is not stable. Most samples of MB Phon from xp70 contain magnetite (Fig. 
4.38), which would be produced via the above reaction if the conditions were too 
oxidising, and the fS2 was too low to stabilise sulphide liquid. Magnetite did not 
crystallise in the charges of BT-7 from xp70, probably reflecting the low Fe content of 
BT-7. 
4.7.1. b Sulphates 
Anhydrite has been found to be a stable magmatic phase above NNO+1-2 in 
several other experimental studies (Carroll and Rutherford, 1985; 1987; Luhr, 1990; 
Carroll and Webster, 1994; Clemente, 1998; Ducea et al., 1999). In addition, Ducea et 
al. (1999) found sulphur-rich sodalite to be stable in the system Ab70Ne30-CaSO4-H20 at 
1.5-1.7 kbar and 800 °C; anhydrite was also found in the same system at 750 °C. In this 
study, anhydrite was found to be the only sulphate phase in BT-7, and sulphur-rich 
sodalite was the only stable sulphate phase in MB Phon. Berndt (1998) found that 
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haüyne was stable in a phonolitic starting composition similar in composition to MB 
Phon at 2 kbars, NNO+2,760 °C (was not stable at 780 °C). 
Sodalite was only found at 500 bar in the experiments conducted on MB Phon at 
930 °C, where it was found to be abundant in all the successful runs. For the 
experiments at 850 °C, sodalite was stable for initial sulphur contents greater than 1 wt% 
between 0.5-1.0 kbar, and for above 2.5 wt% S added at 1.5 kbar. The only experiment 
at 873 °C, xp36, contained S-rich sodalite for 0.86 wt% added S. Binsted (1981) 
investigated the breakdown reactions for the sulphur-rich sodalites, nosean and hatlyne, 
and found that they are stable to about 1250-1300 °C for pressures of up to 10 kbar; 
however this was a study of only pure phases, and as such is not readily applicable to 
more complex systems. Hence, the results of the current study, with those of Berndt 
(1998) and Ducea et al. (1999) suggest that the stability field of S-rich sodalite is 
sensitive to temperature, pressure and f S2. Preliminary indications suggest that with 
decreasing temperatures, sodalite is stable to higher pressures, similar to the behaviour 
that is seen for olivines, pyroxenes, and feldspars (amongst others) on PH, O-T diagrams. 
Further experiments to determine the stability field of S-sodalites co-existing with 
silicate melts, might provide data allowing the use of sodalite as a P-T- f S2 petrogenetic 
indicator. 
The occurrence of anhydrite in some experiments using BT7 helps place 
additional constraints on the conditions necessary for anhydrite stability. Anhydrite was 
not found in any of the experiments at 850 °C with 102 5 NNO+1; in the experiments at 
930 °C anhydrite was only found above NNO+2.5. Carroll and Rutherford (1987) found 
anhydrite to be stable above NNO+1.0-1.5 in their study. The studies of Luhr (1990), 
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and Clemente (1998) agree with the work of Carroll and Rutherford, and Clemente has 
suggested that above 930 °C the anhydrite-in curve is displaced to slightly higher fO2 
following the reaction suggested by Carroll and Rutherford (1987): 
3CaSiO3 + 3FeS + O2 a 3CaSO4 +Fe304 + 3SiO2 
2 
This reaction also suggests that melts that have higher silica activities than those of the 
trachyandesitic and dacitic melts studied by Carroll and Rutherford (1987) will require 
higher f O2's to stabilise anhydrite. As BT-7 contains more SiO2 than the compositions 
studied by Carroll and Rutherford, it is probable that f 02's greater than NNO+1.5 are 
needed to stabilise anhydrite in it. Clemente (1998) found that in a melt approximating 
the composition of the interstitial glass of the Mount Pinatubo dacite (SiO2 = 78.3 wt%) 
the appearance of anhydrite was delayed until NNO+2 at 800 °C, this is compared to the 
appearance of anhydrite at NNO+1 under the same conditions in a melt 2 wt% poorer in 
Si02 (melt also slightly richer in CaO); the effect of silica on anhydrite stability seen by 
Clemente (1998) is in agreement with the observation of this study that the appearance 
of anhydrite in BT7 is delayed until log f02> NNO + 3.5. 
An important difference between the compositions used by Carroll and 
Rutherford (1987), Luhr (1990) and Clemente (1998) and BT-7, is that BT-7 contains 
less than 1 wt% CaO, whereas the starting compositions of the other studies all 
contained more than I wt% CaO (in the former two studies the sulphur was normally 
added in the form of anhydrite for those conditions where anhydrite was expected to be 
stable, thereby increasing further the initial CaO content of the melt). This difference in 
melt CaO content can also affect the point at which anhydrite will appear, as is evident 
from the following reaction, suggested by Baker and Rutherford (1996a) 
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Ca (melt) + 02 + SO, (vapour) a CaSO4 (s) 
This reaction will progress to the right at constant T, P, f02 and fSO2 with increasing 
ac,, O In addition, low fSO2 will favour the transfer of sulphur from the melt to the cwo 
vapour phase, or the breakdown of anhydrite. The above ideas explain why in xp70 (2 
kbar 930 °C, f 02 = NNO+3) 2.2 wt% of added S is needed to stabilise anhydrite, whilst 
0.52 wt% added S stabilises CaSO4 in xp72 (500 bar, f 02 = NNO+4, log fSO2 - 1), and 
0.93 wt% added S achieves the same in xp74 (4kbar, f O2 = NNO+7.2); i. e. anhydrite is 
more readily stabilised at higher f 02, and that higher pressures require higher sulphur 
contents to stabilise anhydrite (as there needs to be more sulphur in a closed system to 
generate the same f SO2 as pressure increases). 
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Figure 4.38 Phase assemblages of MB Phon and BT7 at 2 kbar, 930 °C as functions 
of f02 and wt% S added to the charge. 
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4.7.2 The Effects of fO2, fS2, Pressure, and Composition on Sulphur Solubility 
in Evolved Magmas 
All the data on sulphur solubility in MB Phon and BT7 are summarised in Fig 
4.39. The contours of OFFS are shown as a guide to the f S2-, due to the lack of data in 
some regions of log S- f02 space and that values of fS2 are not available for all 
samples, the contours cannot be taken to be accurate in the regions where there are few 
data to constrain them. However, the contours in fS2 are accurate enough to allow the 
following generalisations to be made: 
1) For a given fS2 (or OFFS), the melt sulphur content is lower under reducing 
conditions than under oxidising conditions; 
2) At a fixed value of f02, increasing fS2 increases melt sulphur content; 
3) There is no significant effect of total pressure on sulphur solubility between 0.5 and 
2 kbar (range of pressure for which values of f SZ are known); 
4) There is not a large difference in sulphur solubility between MB Phon and BT7 (e. g. 
at ANNO =5 and fS2 = 1, there is less than 0.2 log units of difference). 
The first observation differs from that of Clemente (1998), who saw log S decrease to a 
minimum with increasing f02 at constant fS2 (for LFFS = 6-7) until ANNO =0-1, 
before increasing again with higher values of fO2. However, the experiments of 
Clemente were in the range ANNO = -2 - +2, where there is a paucity of data for BT7 
and MB Phon. The composition used by Clemente is very similar in composition to 
BT7, and as she performed a series of experiments at 930 °C and 2 kbar, it is possible to 
use some of her data to better constrain the contours of fS2 for BT7. The increased data 
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set allows the contours to be drawn more accurately, and reconciles the observations of 
Clemente (1998) with those of this study (Fig. 4.40). It is expected that a larger data set 
for MB Phon would yield contour shapes similar to those in Fig. 4.40. 
At fixed f02, increases in fS2 increase the melt sulphur content. This is in 
agreement with proposed equations governing the solubility of sulphur in silicate melts 
(e. g. Richardson and Withers, 1950; Fincham and Richardson, 1954). The observation 
that there is no significant effect of pressure is contrary to the findings of previous 
studies (Mysen and Popp, 1980; Wendlandt, 1982; Carroll and Rutherford, 1985; Luhr, 
1990). The data shown in Figs 4.17 and 4.32 suggest that sulphur solubility is slightly 
dependant on pressure, but the representation of the data in this manner does not take 
into account differences in f O2 in charges run at the same f H29 which can be significant 
(c. f. Fig 4.17,4.32 and 4.39). The studies of Mysen and Popp (1980) and Wendlandt 
(1982) are not comparable to this study as they were performed at much higher pressures 
(12.5-30 kbar) and temperatures; additionally, the experiments in these two studies were 
nominally anhydrous, the results of the two studies are contradictory, and there are 
considerable uncertainties in f SZ at the conditions of the studies. Limiting values of fS2 
were estimated in the study of Carroll and Rutherford (1985), but these do not allow for 
comparison between data at different pressures. The experiments of Carroll and 
Rutherford contained the same amount of sulphur and water in the starting material of 
each charge and all charges were vapour saturated (the vapour phase being 
predominately H20). As water solubility varies with pressure, and because sulphur 
partitioning into the fluid phase can lower fHZO, it is unlikely that the same fS2 was 
achieved in the experiments of Carroll and Rutherford (1985) which were conducted at 
different pressures or f O2 (as the change in f H2 will also affect the rest of the fluid phase 
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equilibria); the same observations apply to a later study of Carroll and Rutherford 
(1987). The values of fS2 used by Luhr (1990) are not well constrained and changes in 
fS2 between the low and high pressure experiments are not taken into account. For 
example, in experiments from 2 kbar to 4 kbar the f S2 increases by - 0.2 log units (± 0.5 
log units), which compares with a total pressure change of 0.3 log units, and a sulphur 
solubility increase of 0.2 log units. As the change in P is of the same order as that of fS2, 
and given the demonstrated correlation between fS2 and melt sulphur solubility, it is 
more likely that the change in sulphur solubility that Luhr (1990) observed with 
increasing pressure was due to the increase in f S2. 
From the data for BT7 and MB Phon (Fig. 4.39), it is apparent that the 
differences in melt composition between rhyolitic and phonolitic melts do not have a 
significant influence on log sulphur solubility. Under reasonable magmatic conditions of 
pressure (2 kbar), f02 (NNO - NNO+2) and log fS2 (-3 - 0.5) and 930 °C, the 
difference in sulphur solubility between phonolitic and rhyolitic melts could be as large 
as 100 %I in favour of the phonolitic melt. To conclude, fS2 and f 02 control the 
solubility of sulphur in silicic melts, with pressure and composition exerting weaker 
effects. 
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Figure 4.39 Log S dissolved in the melt versus ANNO for MB Phon and B'1'7 at 930 
°C. Data are grouped according to pressure and are contoured in zFFS. 
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Figure 4.40 Log S dissolved in the melt versus ANNO for BT7 and data of Clemente 
(1998) at 930 °C. Data are grouped according to pressure and are contoured in OFFS 
using all plotted data. 
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4.7.3 Modelling of Sulphur Solubility Behaviour 
4.7.3. a Sulphur in Silicate Melts 
It is known that sulphur can occur as sulphide (S1'), sulphate (SO42') and 
pyrosulphate (S2072) in silicate melts (Fincham and Richardson, 1954; Richardson and 
Fincham, 1954; Turkdogan and Darken, 1961). Sulphide is dominant under reducing 
conditions (below -NNO-1), sulphate under oxidising conditions (log f02 > NNO), and 
pyrosulphate under very oxidising conditions (>NNO+4-6? ) when f S2 is sufficiently 
high (Richardson and Withers, 1950; Fincham and Richardson, 1954; Richardson and 
Fincham, 1954; Turkdogan and Darken, 1961). From sulphur solubility experiments on 
natural magmas only S2' and SO42' have been found by EMPA (Carroll and Rutherford, 
1985; 1987; 1988; Luhr, 1990) and wet chemical analysis (Nagashima and Katsura, 
1973; Katsura and Nagashima, 1974) of the quenched glass. 
Differences in solubility behaviour result from differences in the size and 
bonding behaviour of the oxidised and reduced forms of sulphur. As the S2 anion (ionic 
radius = 1.84 A) is significantly larger than the 02. anion (ionic radius = 1.40 
A), 
substitution of sulphur for oxygen is not going to be isomorphic, and it is unlikely that 
sulphur can replace bridging or non-bridging oxygens (those bound to 2, or I Si atoms 
respectively) in the silicate melt. Additionally, increasing the amount of network formers 
(e. g. A1203 or SiO2) in the silicate melt lower its sulphur solubility, while increasing the 
amount of network modifiers (e. g. Fe"', Cat+, Na') raise it (Fincham and Richardson, 
1954; St. Pierre and Chipman, 1956). It is probable that sulphur replaces free oxygens 
(those bound to metal oxide atoms) in the melt. However, the presence of free oxygens 
has only been identified in low silica compositions as accounting for between 1-2.4 % of 
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all the oxygens (e. g. Schaller et al., 1999); free oxygens contents below this level are 
below the level that can be detected by current NMR experiments, but would still be 
sufficient to account for the solubility of sulphur seen in anhydrous glasses. Hydrous 
glasses containing more than 2 wt% H2O are known, by FTIR and other spectroscopic 
methods, to have the H2O principally dissolved as H2Omo, (e. g. Stolper, 1982a; 1982b 
and numerous other works). The oxygen that is present in H20m0, has not been observed 
by "O NMR (principally "O multiple quantum magic angle spinning NMR or "O MQ 
MAS NMR). It is known that HZOmo, has a large quadrupole coupling constant and 
because of the current limitations of MQ MAS NMR the type of oxygen present in 
HZOmo, is expected to be absent from the spectrum (Kohn, 1999). If the H20, no, is not 
bonded to any silicate species, the oxygen in this molecule will effectively be a free 
oxygen; the quantity of H20mo, that can be dissolved in natural glasses (several wt%) 
could therefore provide an amount of free oxygens that is readily compatible with the 
solubility of sulphur seen in natural glasses. 
Fincham and Richardson (1954) have proposed the following reactions for the 
incorporation of sulphur in silicate melts: 
112 
2 S2 (g) +02- -2 02 (g) + S2- 





s2 = a02. Sý2 
,. 
2 Sz (9) +2 Ox (g) + 0melt = SO4 meßt' K fif o3/2 
with 4-28 applying under reducing conditions, and 4-29 under oxidising ones. Rewriting 
the two equilibrium constants, KS,, Ks2, in terms of the amount of sulphur dissolved in 
the melt in ppm gives: 
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SZ- °Pm " fO'iZ SO Z_ ppm K' 
,j and K' -a 5j =-a" fSI/2 ' sz -a" fSIiz " fOsiz 02. 2 o=- 22 
provided that for the low concentrations of sulphur typically encountered in silicate 
melts, the activities of S2' and SO42- are proportional to the sulphur concentrations. 
It can be reasonably argued that, because non-bridging oxygens are substantially 
more abundant than free oxygen in silicate melts, the incorporation of sulphur into 
silicate melts could involve a reaction with non-bridging oxygen. While this agreement 
is reasonable, to the best of my knowledge there is no analytical or experimental 
evidence to support it; for the question of the dissolution mechanism of S in silicate 
melts to be resolved, either spectroscopic techniques which are more sensitive to sulphur 
than those which are currently available must be developed; or simple silicate melts 
(such as melts in the system Na20-SiO2-H20) which can dissolve substantial quantities 
of S (i. e. >1 wt%) should be investigated in an attempt to discover how S is 
incorporated in them. By comparison to the proposed dissolution mechanisms for H2O 
(for a review, see Kohn, 1999), it is probable that the mechanisms for sulphur are more 
complex due to its polyvalent character. In light of this, I assume, for the sake of 
simpilicity in modelling melt sulphur solubility and due to the lack of conclusive 
evidence to the contrary, that the dissolution of sulphur in silicate melts proceeds by 
reactions 4-28 and 4-29. 
4.7.3. b Determining the Activity of Free Oxygen in the Glass 
In K',, and K', 2 the only unknown is ao,.. The sulphur content and speciation in 
the glass can be measured with the electron microprobe. In this study, sulphur is 
assumed to be present as sulphide for f02 < NNO, as sulphate for fO2 > NNO+I, and as 
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a mixture of the two under intermediate conditions (Carroll and Rutherford, 1988; 
Matthews et al., 1999). fS2 and f02 can be measured or estimated by the various 
methods described earlier in this chapter. For complex silicate liquid compositions, there 
are three ways in which ao2. can be estimated, the first uses the method described by 
Toop and Samis (1962a; 1962b), which can be used for binary and ternary melts; the 
second uses the work of Mysen (1987), which is suitable for anhydrous glasses, but 
suffers from problems due to ambiguities in which cations are network formers and 
which are network modifiers (see critique in Clemente, 1998); the third uses the model 
described by Stolper (1982b), and Silver and Stolper (1985; 1989) and is for hydrous 
melts. The part of the Stolper model (described previously in this chapter; 4.2.6) which 
is used here is his model for the speciation of water in silicate glasses (i. e. 4-8), which 
enables the calculation of the quantities of the three types of oxygen in the glass 
(bridging, non-bridging and free). From the work of Uys and King (1963) it is known 
that the manner in which water dissociates in a silicate melt depends on the melt's 
composition, such as the following for very basic melts: 
H2- 
20melt + 
Omelt = 2OHmelt 4-30 
or by the following reaction (Stolper, 1982a) for melts such as rhyolite and albite that 
are nearly fully polymerised when anhydrous: 
H2Omelt + O0melt = 2OHmelt 4-31 
Reaction 4-31 can be extended to include all melt compositions by making the 
assumption that all oxygen atoms not in hydroxyl groups or molecules of water (e. g. 
bridging oxygens, non-bridging oxygens, free oxygens) are energetically equivalent and 
indistinguishable (Stolper, 1982a). In this case, 0" 1, in 4-31 refers to all such oxygens 
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rather than to bridging oxygens alone. While BT7, a high silica rhyolite, is nearly fully 
polymerised when anhydrous, the peralkaline MB Phon is not fully polymerised. 
However, as water is added to both compositions, they will become less polymerised 
and the numbers of non-bridging oxygens will increase. If the oxygen in H2O,,, oi 
is a free 
oxygen, then H20mo, is representative of 02. in the melt (since the amount of free oxygen 
in anhydrous melts is generally insignificant); so, the activity of molecular water in the 
melt should be proportional to that of free oxygen from the reaction relating the three 
types of oxygen in the melt (0° + 02. t--: > 20H-). This assumption becomes increasingly 
limited in its validity as the degree of polymerisation of the anhydrous melt decreases. 
However, as there are no other methods for estimating a02. in complex hydrous melts 
currently available, it is the one used. It is assumed that Xo,. is proportional to ao,. and 
is equal to XHZo got, and 
X02. replaces a02. in K's, and K's2. 
There are several assumptions made in Stolper's model (1982a; Silver and 
Stolper, 1985; 1989) that are not justifiable. Among these are: (i) that the speciation of 
water determined for the glass is the same as that in the melt, whereas it appears to be 
that recorded at Te, which depends on melt water content (Nowak and Behrens, 1995; 
Shen and Keppler, 1995; Zhang et al., 1995; 1997b); (ii) that all oxygen atoms (for eqn. 
4-31; it is all the bridging oxygen atoms) are energetically equivalent and 
indistinguishable (similarly for all OH groups and all H2O molecules) and that the 
species are interchangeable on the lattice sites (as the melt is modelled as a quasi- 
crystalline liquid in which there is non-ideal mixing of 0, OH and H2O species). The 
entropy of mixing in this treatment is identical to that in an ideal mixture, but all 
possible configurations of the available oxygens, hydroxyls, and water molecules are not 
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energetically equivalent (Guggenheim, 1952; Stolper, 1982a; Silver and Stolper, 1989). 
The concept that there is only one type of hydroxyl molecule in the melt is also flawed 
since spectroscopic studies have shown that at least two different types of hydroxyl units 
exist in glasses with compositions as simple as SiO2-H2O (e. g., McMillan and Remmele, 
1986; Mysen and Virgo, 1986a; 1986b; Farnan et al., 1987). 
Kohn et al. (1989; 1992; 1994; 1998) have proposed that the major dissolution 
mechanism of water in silicate melts involves the exchange of Nay for H' as a charge- 
balancing cation for [A104]' tetrahedra, formation of Na(OH) complexes, and the 
incorporation of molecular water. The incorporation of water in this manner requires no 
depolymerisation of the melt structure, and the mechanism is strongly supported by 
NMR and IR spectroscopic evidence (Kohn et al., 1989; 1992; 1994; Bykov et al., 
1998). While the model of Kohn et al. appears to best describe the dissolution 
mechanism of water, it is not quantitative; the Stolper model has been used in this work 
as it allows the quantification of the different water species present in the silicate glass, 
even though its assumptions, and description of the incorporation of water into the melt 
is inferior to that of Kohn et al. (1989; 1992; 1994; 1998). 
4.7.3. c Sulphur Solubility Behaviour 
In order to see if reactions 4-28 and 4-29 adequately describe sulphur solubility 
behaviour in MB Phon and BT7, one can rearrange the constants of the reactions, K'B1 




log Sz'pp,  = log K's, + log fOýýz 
4.32 
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log SO4 
Ppm = 
log K. 2 + log X02. fSZ2 f 022) 4-33 
which are equations of the form y=a+ bx. By assuming all sulphur to be present as 
sulphide or sulphate (depending on f02), plots of log Smpl, versus log X03. fS22/fO22) 
3/2 or log (X02_ f S2 2f o2 ) respectively should have gradients equal to one, if the following 
hold true: (i) 4-28 and 4-29 adequately describe melt sulphur solubility; (ii) the activities 
of S2 and SO42- are proportional to the sulphur concentrations; (iii) X. is equal or 
proportional to XH=o calculated from the Stolper model. 
For the samples of both BT7 and MB Phon that are listed in Table 4.8, the 
gradient of log S.,,, as a function of log (XO2. fS22/fOZ2) is close to one (Fig. 4.41). 
The gradient of log S,,,,,, as a function of log X02. f S22 f 02 2) for samples of BT7 with 
zNNO >0 is one within error (Fig. 4.42a). Eqn 4-33 has also been solved for each set of 
fH2 and P when practical (Fig. 4.42) and the best-fit coefficients can be found in Table 
4.9. From the regressions to the data, it is found that, within the constraints of analytical 
error, reactions 4-28 and 4-29 account for the sulphur solubility behaviour seen in BT7 
and MB Phon. In addition, there are no significant differences in the values of the 
coefficients of each reaction between BT7 and MB Phon. 
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Figure 4.41 Plot for illustration of sulphide reaction in BT7 and Mß Phon at 930 °C 
and 2.0 kbar. 
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Figure 4.42 Plot for illustration of sulphate reaction in BT7 and MB Phon at 930 
°C. 
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Table 4.9 Coefficients to sulphur models 
Model Intercept Gradient log K'5, log K', 2 
BT7 
Sulphide: 
All data -3.43 (562) 1.24(74) -3.43 (562) 
Sulphate: 
All data with 9.38(186) 0.47 (14) 9.38(186) 
ANNO>0 
f H2=0.01 bar, 7.62 (177) 0.335 (12) 7.62 (177) 
1.5kbar 




All data -3.27 (666) 1.31(86) -3.27 (666) 
Sulphate: 
fH2=0.01bar, 30.46(8664) 2.12 (272) 30.46(8664) 
1.5kbar 
fH2=0.01 bar, 14.76(4078) 0.95(2.39) 14.76(4078) 
2. Okbar 
Combined 
Sulphide- 3.70e-03(68) 8.73e+15(141) -2.43(8) 15.94(7) 
Sulphate 
If both sulphur reactions occur simultaneously, the total sulphur content can be 
formulated as follows: 
S= S2' ,,, +SOZ' =X fS'ý2fO'I12(K' +K' 
fO2} 4.34 
meltppin pp 4 ppn 02' 22 sl s2 
2 
which upon rearranging gives: 
S OV2 melt pprn f2= K' +K' f02 4-35 X S"1/2 st s2 2 X02- f2 
Equation 4-35 was applied to all the experimental data labelled in bold in Table 4.8, and 
in Fig. 4.3, (SmeItpp, 
nf 
Oil)/(Xo=- f S22) is plotted against f O22. The gradient and intercept 
of the fit to the experimental data gives the values of K', 2 and K',, respectively. When all 
the experimental data of Table 4.8 are considered, only 71/15 is not reproduced by eqn, 
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4-34 within the limits of the model or analytical error. The values of "q" and Pr reported 
for the regression to the experimental data suggest that eqn. 4-34 is correct and the 
coefficients are believable (Fig. 4.3). 
700 " MB Phon 
  BT7 
-Fit to data 





.ý ae = 0.000681; oab = 1.40489e+15 
` 
400 
V_chisq= 29.7475; npnts= 23 












05 10 15 20 25 
f 02,10'12bar2 
Figure 4.43 Fit of eqn. 4-35 to the experimental data in bold of Table 4.23. 
4.7.3. d Comparison with Previous Studies 
For the model of sulphur solubility behaviour presented in this study to be of 
general use, it must be shown that it can reproduce the results found in other studies.. To 
demonstrate this, the model is compared with the results of Clemente (1998) at 930 °C, 
and those of Luhr (1990). The relationship. between (5f, Cý, rn,,, 
f 022)/(XQ,. f S2) and f 02 
for the experimental data of Clemente (1998) at 930 °C agrees within error to that 
determined for the data modelled in this study (Fig. 4.44). The agreement between the 
data of Clemente and the model is better illustrated by a comparison of log fS2 
calculated for her samples at 930 °C and 2.0 kbar, and the log fS2 determined for those 
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samples by Clemente (Fig. 4.45). Two points were excluded from the comparison as 
their melt sulphur contents are close to the detection limit (- 70ppm). The calculated log 
fS2 of all other points are within 1 log unit of those determined by Clemente (1998). The 
regression shown on Fig. 4.45 suggests that the difference between the reported and 
calculated log fS2 for the data is systematic. If so, the cause of the difference is not 
certain, but may be the manner in which Clemente calculated the f02 of her samples; 
Clemente used the method of Burnham (1981) which tends to overestimate the fN20 for 
a given glass water content, and so overestimates the f O2 as well (eqn. 4-4). 
The data of Luhr (1990) present several problems for making a comparison. 
Firstly, the water contents of the glasses were determined by difference, without 
calibration to glasses of known water contents, and were also calculated using the 
modified albite-H20 model of Burnham (1981) assuming a melt water activity of unity. 
As the glass composition of Luhr's samples varies from trachyandesitic to rhyolitic, 
neither method yields particularly correct water contents. Additionally, the sulphur 
which was added to the charges (in the form of pyrrhotite or anhydrite, equivalent to 1.2 
wt% S) would have had a diluting effect in the fluid phase, reducing XH2o in the fluid to 
less than 0.97 (by comparison to data from this study). This reduction in XH2o would 
result in a minimum of a 0.5 log unit reduction in log f02. 
Luhr (1990) assumes that the f02 of his charges are those of the buffer used, and 
while this is less important under reducing conditions, small changes in f O2 have 
significantly more effect in oxidising conditions where the sulphate reaction is expected 
to dominate (reactions 4-28 and 4-29). Finally, the values of fS2 determined by Luhr 
have significant uncertainties because those calculated for his experiments at the 
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manganosite-hausmanite (MNH) and the more oxidising magnetite-hematite (MTH) 
buffers are from reaction equilibria and have f 02 as a dependent variable; the values of 
log fS2 for the experiments at QFM are also suspect as (i) they are based upon the 
compositions of pyrrhotite as determined by EMPA and not by XRD; (ii) the fS2 was 
also calculated using the calibration of Toulmin and Barton (1964) without taking into 
account the effect of pressure. The Luhr data have been corrected for pressure effects in 
this study by recalculating the fS2 for the FMQ experiments using the calibration of 
Froese and Gunter (1976) and taking account of the pressure when doing so. X02. has 
been estimated as for the samples of this study, however the lack of speciation 
coefficients for trachyandesitic glasses in the Stolper Model has meant that those for 
rhyolitic glasses (same as used in this study; Silver et al., 1990) were used. Comparing 
log fS2 calculated from the sulphide-sulphate model with that determined by Luhr 
(1990) illustrates the problems with the data of Luhr for his experiments at MNH and 
MTH, while the data for the QFM experiments is in reasonable agreement with the 
model (Fig. 4.46). 
The comparisons show that the model presented in this study can reproduce the 
sulphur solubility behaviour reported in other comparable studies at 930 °C. In order for 
the model to be of greater use, it should be extended to other temperatures. Clemente 
(1998) gives values for log K'S, and log K'S2 at 800,930 and 1000 °C. The values for log 
K'ä2 are regarded as being suspect as Clemente showed that log K'`2 varied with log f 02 
for all conditions except for log f O2 > NNO+1.5 at 1000°C. Metallurgists have 
determined values of log K's2 at several temperatures for different compositions at one 
atmosphere (e. g. Fincham and Richardson, 1954; Richardson and Fincham, 1954; 
Turkdogan and Darken, 1961; Holmquist, 1966; 1968). However the values of log K'c2 
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given in the metallurgical literature are generally given for a specific composition, and 
the changes in XO,. are assumed to be negligible. As reliable estimates of Xo,. are 
lacking for the majority of the melts studied, this data cannot be used to meaningfully 
extend the temperature range of this study's model. 
Calculated values of log fS2 for the data of Clemente (1998) at 800 and 1000 °C 
show that there is a systematic underestimation of log fS2 by-- 2.5 log units at 800 °C, 
and an overestimation of - 1.2 log units at 1000 °C (Fig. 4.47). The systematic 
deviations reflect the variation of the equilibrium constants with temperature. 
Nonetheless, the demonstration that there is a systematic deviation with variations in 
temperatures allows the deviation to be modelled as a function of temperature, which 
allows a rough approximation of the f S2 to be made at different temperatures. The 









+ 0.019 x T(°C) - 17.78 
However, this relation should be used with caution, as it has not been widely tested. 
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Figure 4.44 Comparison of the data of Clemente (1998) at 930 °C and 2.0 kbar with 
the sulphide-sulphate model. The shaded region represents that of the 99% confidence 
interval to the sulphide-sulphate model. 
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Figure 4.45 log fS2 calculated by the sulphide-sulphate model versus log f S, 
measured for the experimental samples of Clemente (1998) at 930 °C and 2.0 kbar. 
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Figure 4.46 log fS2 calculated by the sulphide-sulphate model versus log fS2 
measured for the experimental samples of Luhr (1990) 800-1000 °C, 1-4kbar. 
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Figure 4.47 Comparison of log fS2 calculated by the sulphide-sulphate model 
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4.7.4 The Transport of Sulphur in Natural Systems 
The amount of volcanic sulphur determined to have been emitted by several 
recent eruptions has often been several orders of magnitude greater than that which 
could be expected to result from the degassing of the erupted melt volume (Devine et al., 
1984; Luhr et al., 1984; Andres et al., 1991; Gerlach and McGee, 1994; Gerlach and 
Westrich, 1994; Wallace and Gerlach, 1994; Gerlach et al., 1996; Self and King, 1996). 
Estimates based on the degassing of the erupted melt volume assume that all the sulphur 
emitted was degassed from the melt. This requires that non-degassed pre-eruption melt 
is the only source of the released sulphur. Thus, the difference in sulphur contents 
between pristine melt inclusions and matrix glass yield the proportion of sulphur 
degassed during the eruption. The multiplication of this quantity by the bubble-free 
density of the erupted melt, the bubble-free melt volume fraction, and the volume of 
erupted rock yields the quantity of sulphur degassed from the melt during the eruption. 
This value is then normally scaled to the equivalent mass of SO2 emitted in mega-tonnes 
(Mt). The excess sulphur that has been observed for the aforementioned eruptions is that 
quantity of sulphur which is in excess to that which could have degassed from the pre- 
eruptive melt. It has been suggested that breakdown of anhydrite or pyrrhotite could be a 
source for the excess sulphur (Devine et al., 1984; Baker and Rutherford, 1996a; 
Rutherford and Devine, 1996), while others (e. g. Gerlach and McGee, 1994; Gerlach 
and Westrich, 1994; Gerlach et al., 1996; Scaillet et al., 1998)), have said that the excess 
sulphur is from a vapour phase that coexists with the melt in a sub-volcanic magma 
chamber. The results of this study show that the partitioning of sulphur into fluid phase 
is similar between melts of significantly different compositions, such as phonolite and 
rhyolite (Figs. 4.22b and 4.37b). Under reducing conditions the sulphur component of 
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the fluid phase is principally H2S, while it is SO2 under oxidising conditions (Table 4.7). 
The data of this study show that both fS2 and fO2 control the partitioning of sulphur 
between vapour and melt (Figs. 4.22c and 4.37c). 
The partitioning of sulphur between rhyolitic melts with low iron contents and 
vapour is very dependent on the f02 of the melt (Fig. 4.37d). Under oxidising 
conditions, the partition coefficient is in the range 1- 200. Slight increases occur with 
increasing values of f S2" Under reducing conditions, sulphur partitions much more 
strongly into the fluid phase (D, s, uj mc, t - 
480), independently of whether pyrrhotite has 
crystallised or not (Figs. 4.37c-d), this is in agreement with the results of Keppler 
(1999), but contrary to those of Scaillet et al. (1998) who found that sulphur was 
principally held in pyrrhotite under reducing conditions. The results of Scaillet et al. 
(1998) for sulphur melt-vapour partitioning under reducing conditions are not generally 
applicable, as the ability of pyrrhotite (or anhydrite in oxidising conditions) to "lock up" 
the majority of the sulphur in the system is dependent, for example, on the ratio of Fe to 
S in the system (or. Ca to S for anhydrite), and whether other iron bearing phases 
crystallise or not. It is questionable as to how far these different studies can be 
compared, due. to the different quantities of excess fluid generated, and that in the study 
of Keppler (1999) the partitioning of sulphur was only between melt and vapour, and not 
also between these phases and S containing crystalline phases (such as anhydrite or 
pyrrhotite). Keppler (1999) states that the detection limit of S in the quenched melt of 
his charges is 10 ppm; the detection limit calculated for this study (subsection 4.3.1) and 
that calculated by Clemente (1998) suggest that that of Keppler is unusually low. If his 
detection limit is more of the order of magnitude reported in this study and that of 
Clemente (1998), i. e. 60 ppm, then -- 60 % of his experiments at the Co-CoO buffer 
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contain statistically insignificant sulphur, which implies that for up to 3 wt% S in the 
fluid phase, Dflý; avme,, tends to -. This would 
imply that Dýu;, me,, might vary significantly 
with the S contents of melt and fluid. An explanation for the different results of this 
study and that of Scaillet et al. (1998) lies in the quantity of excess fluid, if temperature 
and the degree of crystallisation are not of primary importance in S melt-vapour 
partitioning; in the study of Scaillet et at. (1998) there was typically 8-10 wt% of fluid 
phase, in this study it is generally 2-4 wt% less for experiments with comparable bulk S 
contents. It follows that the quantity of free fluid phase probably has a major control on 
the quantity of S in the fluid phase. This is unsurprising, since if the thermodynamic 
state of the system and mass balance constraints dictate that S should be in the fluid 
phase, and the quantity of fluid phase increases (due to decompression forcing 
exsolution of water from the melt, for example) then some of the S in the melt will go 
into the fluid phase. However, as S is transferred from the melt to the fluid phase, then 
the f S2 of the fluid phase will increase. This disequilibrium will force S2 in the vapour to 
react with H2, H2O or 02 (depending on f O2) to form other sulphur species to reduce f S2 
to restore the equilibrium between vapour and melt. The reactions involved in this step 
may lead to changes in magmatic f 02 which could lead to further changes in melt S 
content, or by changes in magma density, further decompression could occur. The 
manner in which the evolution of the fluid phase is driven will depend on the relative 
quantities of melt and fluid; a larger fluid phase will have more control over the redox 
state of the melt (Matthews et al., 1994a), which will influence the nature and 
composition of any crystalline phases that form, whereas a larger volume of melt will 
buffer the composition of the fluid phase through such equilibria as 2Fe0m t+ 0150284` 
Fe203m°''. That the source of S in eruptions which contain excess S is probably fluid 
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phase, suggests that modelling of the magmatic evolution of these volcanoes should take 
account of the possibility that fluid phase equilibria could be more important in 
controlling the f02 of the system than Fe-redox equilibria (e. g. Matthews et al., 1994a). 
4.8 Conclusions 
The experimental data from this study have provided important information 
concerning the stability of sulphur bearing phases in evolved magmas from NNO-2 to 
NNO+7. It was found that immiscible sulphide liquid could coexist with anhydrite or 
sulphur-rich sodalite above NNO+4. Sodalite has limited stability, being stable below 
1.5 kbar at 930 °C, being stability to higher pressures at 850 °C. Anhydrite is not a stable 
phase in phonolitic melts, and is sensitive to aca and f SOZ in the range of f O2 in which it 
is stable (>NNO+1). High silica activities in silicate melts displace the appearance of 
anhydrite as a stable magmatic phase to higher fO2s. 
The sulphur content of a silicate melt can be higher under oxidising conditions 
than under reducing conditions at fixed fS2 due to the strong fO2 dependence of the 
sulphate equilibria. At a given fOZ, increases in fS2 yield higher melt sulphur contents. 
Over pressures from 0.5-2.0 kbar, pressure has not a large effect on melt sulphur 
solubility. Phonolitic melts dissolve more sulphur than rhyolitic ones, but the 
compositional variety possible in silicate melts is a secondary control on melt solubility 
compared to f02 and A. The solubility of sulphur in the samples of this study has been 
successfully modelled at 930 °C between 0.5 and 2.0 kbar using two equilibria which 
govern the stability of sulphide and sulphate sulphur in silicate melts. The combination 
of these two equilibria constrain the behaviour of sulphur in silicate melts from NNO-2 
to NNO+7. The effect of compositional differences on melt S solubility is accounted for 
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in the equation by the activity of oxygen in the melt. It has been demonstrated that the 
mole fraction of molecular water present in the melt, as calculated from the speciation 
model of Stolper and co-workers (Stolper, 1982a; Silver and Stolper, 1985; Silver et al., 
1990), can be used as a proxy for the activity of oxygen in the melt. Application of the 
model to the data of Clemente (1998) reproduces her measured values of log fS2 to 
within 0.5 log units for the majority of samples. Application of the model to her data at 
800 and 1000 °C show consistent systematic deviations in log fS2, due to the change in 
the value of the equilibrium constants with temperature, which it was not possible to 
account for due to a lack of sufficient high quality data at other temperatures. The 
conclusions from experimental studies on S solubility in hydrous silicate melts of 
(Mysen and Popp, 1980; Wendlandt, 1982; Carroll and Rutherford, 1985; 1987; Luhr 
1990) regarding the effect of temperature and pressure on S solubility are argued to be 
unjustified given the nature of the data and the assumptions made in the studies. 
The partitioning of sulphur between a silicate melt and co-existing vapour phase 
is a function of the f02,, the fS2, the stability of sulphur-bearing crystalline phases, and 
mass balance constraints in the system. Under reducing conditions in iron poor evolved 
melts sulphur will partition strongly into the fluid phase provided that the quantity of 
sulphur in the amount exceeds the quantity of iron in the system, otherwise the sulphur 
will be preferentially held in pyrrhotite to the limit of this phase's stability and mass 
balance constraints. Under oxidising conditions the partitioning of sulphur between melt 
and vapour is strongly dependent on the phase stabilities of the system and mass balance 
constraints, as demonstrated by the differing results of Scaillet et al. (1998), Keppler 
(1999), and myself for experiments performed under different conditions. 
185 
Chapter 5 Sulphur In Evolved Melts at 1 atm. 
Chapter 5 Sulphur in Evolved Melts at Atmospheric Pressure 
5.1 Introduction 
By using a gas-mixing furnace at one-atmosphere, the fugacities of the vapour 
phase can be accurately controlled and varied to a degree which is not possible at higher 
pressures. Numerous studies have been performed on the solubility of sulphur in simple 
binary and ternary compositions relevant to the conditions under which steel is made 
(e. g. Richardson and Withers, 1950; Richardson and Jeffes, 1952; Turkdogan and 
Pearson, 1953; Fincham and Richardson, 1954; Richardson and Fincham, 1954; St. 
Pierre and Chipman, 1956; Carter and Macfarlane, 1957a; 1957b; Abraham et al., 1960; 
Abraham and Richardson, 1960; Nagamori and Kameda, 1965). Studies of melts of 
geologic compositions have been far fewer, and have mainly concentrated on basaltic 
melts (e. g. Haughton et al., 1974; Katsura and Nagashima, 1974; Buchanan et al., 1983). 
Only Katsura and Nagashima (1974) have previously investigated the solubility of 
sulphur in an evolved melt at one atmosphere, when they performed experiments on a 
rhyodacite over the range of log f O2 from QFM-5 to QFM+4 at 1200 T. In this study I 
have used the gas-mixing technique to investigate the sulphur solubility of an anhydrite 
saturated andesite. The purpose of the study is to see how the solubility and speciation of 
sulphur in the andesite varies as a function of the gas composition, and how the 
solubility of sulphur in an andesite compares to that in basaltic and rhyodacitic melts. 
5.2 Experimental Methods 
All of the experiments reported in this chapter were performed using a finely 
ground (10µm) sample (DMT/10) of fresh anhydrite-bearing andesitic pumice from the 
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1993 eruption of Lascar Volcano, Northern Chile (Table 5.1). The powder was prepared 
by first grinding - 300g of the pumice in an automated agate pestle and mortar. The 
resulting coarse-grained powder was then ground by hand under acetone in a 
conventional agate pestle and mortar. The homogeneity of the DMT/10 powder is 
illustrated by the homogeneity of the experimental glasses (Table 5.2). The sample 
holders used were Pt loops which had been pre-equilibrated with DMT/10 powder at the 
temperature and oxygen fugacity of interest (e. g. 1200°C, f02 = QFM-QFM+4) for 24 
hours. For each run, an aliquot of 70-100mg of ground DMT/10 powder was formed into 
a pressed pellet with a few drops of polyvinyl alcohol (PVA) as a binding agent. The 
pellet was then bound to one of the pre-equilibrated Pt loops (which had been 
equilibrated at similar conditions to those intended for the run) with PVA. 
Table 5.1 Composition of starting material by electron microprobe 
SiO2 T)O= A1203 FeOT MnO MgO CaO Na2O K20 P=O, Total* S, ppnt' 
DMT/10 60.67(42) 0.71(6) 16.80(16) 6.04(16) 0.10(5) 3.51(5) 6.29(11) 3.61(7) 2.05(6) 0.22(4) 98.91(58) 275(50) 
FeOT Total iron measured as FeO 
* Analytical total by electron microprobe 
Sulphur content typical of Lascar andesite pumice by XRF (personal communication, Steve 
Matthews) 
The experiments were conducted in a vertically orientated 1-atmosphere gas- 
mixing furnace, using CO-CO2-SO2 and C02-SO2-H2 (for xp/20) gas-mixtures. Gas was 
flowed from the bottom to the top of the furnace to avoid precipitation of sulphur inside 
the furnace tube. The temperature of the furnace's hotspot was measured with a type-B 
thermocouple, which was periodically calibrated against the melting point of gold as 
measured on the ITS-90 temperature scale (McGlashan, 1990). An electrochemical 
yttria-doped zirconia cell, used to determine the oxygen fugacity of the furnace 
atmosphere (Huebner and Sato, 1970; Huebner, 1987) was calibrated every 2 months 
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against the wiistite-magnetite transition (O'Neill, 1988). Over the period of these 
experiments (2 years), the sensor proved stable, with only minor changes in the 
calibration. 
Experiments were prepared by setting the temperature and the atmosphere of the 
furnace to desired conditions of f O2. At this stage, only a C02-CO or C02-H2 gas 
mixture were used to avoid poisoning the electrochemical cell with SO2. Once the 
furnace atmosphere was'stable, the electrochemical cell was removed and the sample 
introduced, suspended below a dummy cell so that convection patterns in the furnace 
would be similar. Samples were initially equilibrated for 6-12 hours with the SO2 free 
gas-mixture before the desired amount of SO2 was added to the gas mixture. This 
technique of first equilibrating the sample in aS free atmosphere helps to avoid the 
formation of metastable C-O-S compounds in the melt. The ratio of the gases needed to 
achieve the desired fO2 was obtained by use of the NASA90 computer program 
(Holloway and Reese, 1974). The program considers all possible gas species which can 
result from the combination of the inlet gases and then minimises the Gibb's free energy 
of the reaction. This program was also used to determine the fugacities of the sulphur 
species in the gas phase (when the mixture contained SO2). Samples were quenched by 
fusing a thin piece of platinum wire from which they were suspended. Details of the 
experimental conditions and run durations can be found in Table 5.2. 
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Table 5.2 Experimental conditions and glass compositions 
Sample xp10 xp11 xp12 xp13 xp14 xp15 xp16 xp20 
Time, hr 57 48 45.5 37 1 5 51 96 
S02. 21.06 21.1 21.18 21.4 - - 280 19 
CO' 400 400 400 400 400 400 140 360 
CO` 0.23 0.8 2.12 6.53 21.05 21.05 - - 
H2 - - - - - - - 
20 
AQFM 3.83 2.84 2.00 1.04 0 0 3.91 -0.05 
log f02 -4.60 -5.59 -6.43 -7.39 -8.43 -8.43 -4.52 -8.48 
log fSO2 -1.30 -1.30 -1.30 -1.30 - - -0.18 -1.33 
log fS2 <-8 <-8 -7.79 -7.52 - - <-8 -3.75 
log f H2S - - - - - - - -4.22 
Points" 20 20 20 20 16 19 18 17 
Si0, 60.79(37) 60.83(40) 60.28(48) 60.72(82) 60.54(96) 61.17(29) 60.50(52) 60.95(73) 
Ti02 0.73(6) 0.71(4) 0.72(4) 0.74(5) 0.91(23) 0.66(5) 0.68(8) 0.73(4) 
A1203 16.64(16) 16.61(16) 17.09(15) 17.03(25) 14.76(105 17.36(21) 16.76(24) 16.87(18) 
FeOT` 5.99(16) 5.92(12) 5.91(17) 5.50(19) 7.04(91) 5.27(20) 6.15(17) 5.77(16) 
MnO 0.10(5) 0.12(5) 0.11(6) 0.11(5) 0.15(6) 0.08(5) 0.11(6) 0.09(6) 
MgO 3.62(5) 3.58(7) 3.56(5) 3.59(11) 3.8(69) 3.26(27) 3.53(8) 3.53(7) 
CaO 6.19(11) 6.16(11) 6.38(11) 6.32(18) 6.48(40) 6.17(9) 6.32(10) 6.32(10) 
Na2O 3.59(7) 3.60(6) 3.60(9) 3.63(7) 3.34(28) 3.64(6) 3.57(6) 3.43(9) 
K20 1.97(6) 2.02(6) 1.99(5) 2.01(7) 2.02(21) 2.07(6) 1.96(7) 1.94(4) 
P205 0.25(4) 0.24(4) 0.21(4) 0.22(5) 0.30(6) 0.23(4) 0.23(4) 0.22(4) 
Total 98.91(58) 98.89(46) 98.72(71) 98.41(69) 98.57(49) 99.17(48) 97.65(50) 98.19(84) 
S, ppm 48(60) 36(60) 21(60) 23(60) 74(60) 49(60) 40(60) 31(60) 
Flux of gas in standard cc/min 
b Number of points analysed 
` Total iron measured as FeO 
- Not applicable 
All experiments were performed at 1200 °C 
Values in brackets are 1a standard deviations of the values 
5.3 Analytical Methods 
Quenched samples were crushed and a representative fragment mounted in 
epoxy resin. The resulting thick-section was then polished to a 0.25 µm finish using 
aluminium oxide papers and diamond paste. After ultrasonic cleaning with acetone 
samples were examined optically. Chemical analysis of the samples was performed 
using a SX-50 electron microprobe. The procedures and operating conditions used for 
the determination of both the major element and sulphur content of the samples are as 
for 4.3.1. No corrections were made for alkali loss as the normalised compositions of all 
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glasses were identical within error to that of the starting composition (Table 5.2). 
Attempts to determine the speciation of sulphur in the glass using the methods of Carroll 
and Rutherford (1988), and Matthews et al. (1999) were unsuccessful, as the low sulphur 
contents of the glasses yielded spectra which were indistinguishable from the 
background noise. 
5.4 Results and Discussion 
From the data in Table 5.2 it is seen that the composition of the samples remains 
constant. The samples were crystal free. From 4.3.1 it is known that the detection limit 
of sulphur under the analytical conditions used is 60 ppm. The only sample that contains 
statistically significant sulphur is xp14 which was run for 1 hour in a C02-CO 
atmosphere (log fO2 = QFM). The majority of the sulphur in DMT/10 is believed to 
have been contained as anhydrite. The initial heating of the sample to 1200 °C would 
have sufficient to breakdown the anhydrite, leading to the rapid loss of its sulphur from 
the sample to the furnace atmosphere. That xpl4 still contains detectable sulphur implies 
that the loss of sulphur from molten silicate melt at 1-atmosphere is not a rapid process. 
However, 5 hours are sufficient to remove the remaining quantity of detectable sulphur 
from the melt (xpl5). Because the samples that were run with a sulphur-bearing 
atmosphere do not contain sufficient sulphur, the relative effects of a very SO2 rich or C- 
0-H-S atmosphere cannot be determined. It was anticipated from previous studies that 
an increase in the SO2 content of the furnace atmosphere would increase the sulphur 
content of the melt (Fincham and Richardson, 1954; Katsura and Nagashima, 1974; 
Buchanan et al., 1983). That the quantity of sulphur dissolved in the samples is below 
the detection limit of the electron microprobe, is suggestive of a difference in melt 
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structure between andesitic and basaltic melts, as detectable quantities of S have been 
found in basaltic melts at 1 atmosphere (Katsura and Nagashima, 1974). From the work 
of Fincham and Richardson (1954), it is believed that sulphur predominantly dissolves in 
silicate melts via the following reaction under the conditions explored in this study: 
S0,2- 
2 
S2 (g) +2 02 (g) + Omelt = S04 melt' Ks2 ý a02 0 fS0i o fo3/2 22 
As the temperature, range of f 02 and flux of SO2 used in this study are comparable to 
those of Katsura and Nagashima (1974), the only difference lies in the activity of free 
oxygen in the melt. However, as noted in 4.7.3, it is not known what type of oxygen 
sulphur reacts with when it is incorporated into a silicate melt. Hence, it is only possible 
to note that the sulphur solubility data of this study imply that the activity of oxygen is 
lower in andesitic melts than in basaltic ones. 
5.5 Conclusions 
A series of experiments were performed using a natural andesitic melt at 1 
atmosphere. The sulphur content of the quenched glasses was found to be below the 
detection limit for sulphur. By comparison to a previous study carried out on basaltic 
melt under similar conditions, it is ' deduced that the activity of oxygen is lower in 
andesitic melts than in basaltic ones at 1 atmosphere. 
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Chapter 6 Conclusion 
6.1 Concluding Remarks 
The work of this thesis has covered different aspects of the behaviour of sulphur 
in silicate melts of basaltic to rhyolitic composition over a large range of conditions. 
Firstly, a method for estimating the f02 of a melt from the proportion of sulphur as 
sulphate from electron microprobe measurements of the S ka wavelength shift was 
described (Chapter 2). This method allows an accurate determination of the f O2 between 
QFM-2 and QFM+6 (equivalent to NNO-2.8 to NNO+5.2) of sulphur-bearing magmatic 
rocks which lack the phase assemblages hitherto used in more traditional methods, or 
whose phase assemblages have been reset or are otherwise out of equilibrium. The 
method was used to calculate the f02 conditions under which melt inclusions were 
trapped in andesitic magmas before magma-mixing in two central Andean volcanoes, 
and to calculate the oxygen fugacity of a slowly cooled pyroclastic flow in which the Fe- 
Ti oxide phases have subsequently re-equilibrated. The combination of the sulphur 
valence data with Fe-Ti oxide data allow two distinct trends to be seen for Volcan 
Lascar, Northern Chile. Basaltic andesite to andesitic magma chambers follow T-fO2 
trends which parallel the QFM buffer curve, indicating ferrous-ferric iron buffering of 
A. Dacitic anhydrite-bearing magmas with admixed basaltic andesite and andesite 
follow trends of increasing fO2 with decreasing temperature, indicative of buffering of 
f02 by S02-H2S in a co-magmatic gas phase. The second trend continues into the 
metamorphic aureole of the magma chamber, resulting in highly oxidised conditions, 
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In Chapter 3 the oxygen fugacities of a suite of samples from the Lau Back Arc 
Basin were estimated using the method described in Chapter 2. The variation of the 
sulphur content of the samples with f 02 is explained by melt-vapour equilibria. The 
samples can be separated as to those which have incorporated slab derived material and 
those which have not, on the basis of their sulphur speciation data in conjunction with 
data collected in previous studies'(Falloon et al., 1992; Danyushevsky et al., 1993). 
In Chapter 4 melt sulphur content and the stability of sulphur-bearing phases 
were investigated in two evolved phonolitic and rhyolitic melts at 930 °C from 0.5 to 4.0 
kbar. The stable sulphur bearing phase in both compositions was pyrrhotite under 
reducing conditions, whereas in more oxidising conditions anhydrite was stable in the 
rhyolitic melt, and sulphur-rich sodalite in the phonolitic melt, with an FeS immiscible 
sulphide liquid being stable in both under certain conditions of f O2 and fS2. The results 
for the melt sulphur solubility of the two starting compositions showed that f02 and fS2 
were dominant controlling factors; composition exerted minor control, and pressure had 
no statistically significant effect over the range of pressures investigated. By using the 
speciation model of Stolper and co-workers (Stolper, 1982a; Silver and Stolper, 1985; 
Silver et al., 1990) to provide a compositionally dependent term (possibly representative 
of free-oxygen activity in hydrous silicate melts) I have been successful in 
thermodynamically modelling the experimental results of this study and that of 
Clemente (1998) at 930 °C. The partitioning of sulphur between hydrous silicate melts 
and vapour is similar in melts of rhyolitic and phonolitic composition, and is controlled 
by f02, fS2 and the stability of sulphur-bearing phases in conjunction with mass-balance 
constraints. 
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The solubility of sulphur in a natural andesite was investigated under oxidising 
conditions at one atmosphere, where it was found to be statistically insignificant at 
supra-liquidus conditions in Chapter 5. Comparison to a previous study (Katsura and 
Nagashima, 1974) on basaltic melts at similar conditions of temperature, f o, and fS2 
imply that the activity of oxygen in andesitic compositions is lower than that in basaltic 
ones. 
6.2 Future Work 
There remains a great potential for future work to be undertaken on the 
behaviour of sulphur in geologically relevant silicate melts. The relationship derived in 
Chapter 2 for estimating the f02 of a magma glass from its sulphur speciation has no 
theoretical grounding, and the thermodynamical model proposed in Chapter 4 will 
enable more accurate determinations to be made, once more data is available allowing 
the model to be used for a wider range of conditions and temperatures. Extending the 
model presented in Chapter 4 is of principal importance and to do this experiments such 
as those described in Chapter 4 need to be performed over a wide range of temperatures. 
Further investigations are necessary in the ranges of f O2 not examined in this study 
(<NNO-2, between NNO-1 and NNO+3 and between NNO+3.5 and NNO+6) to enable 
the equilibrium constants to be better constrained. 
The method of estimating the mole fraction of free oxygen in the melt used in 
this study is not satisfactory, improvements in estimating this quantity may be possible 
by the use of optical basicity (Pyare and Nath, 1991; Duffy and Ingram, 1992; 
Lebouteiller and Courtine, 1998) to estimate the relative variation in free oxygen activity 
between melts of differing compositions. Estimations of fS2 from the use of fluid phase 
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equilibria and equations of state need to be improved. The MRK used in this study is a 
comparatively old equation of state compared to those currently employed by chemical 
engineers (Sandler, 1999), and the practicalities of using newer equations of state needs 
to be investigated as the newer equations typically need more parameters and these may 
not be available for some of the gases in the H-O-S system. For the proposed model to 
be complete there also needs to be investigations of how sulphur is incorporated into 
silicate melts; whether sulphide and sulphate are the only species, or whether others 
exist as well. From the work of Winther et al. (1998) on albitic melt, it is probable that 
other sulphur species exist. Finally, efforts are needed to investigate what happens to the 
behaviour of sulphur at higher pressures, and to develop an accurate petrologic method 
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Al Phases in MB Phonolite 
Table Al Compositions of experimental sodalites in MB Phon 
Sample 37 39 58 60 64 7211 
No. ' 4 3 1 6 1 2 
SiO2 39.74(351)2 38.05(26) 43.34 40.39(198) 61.18 37.48(97) 
A1203 28.73(17) 29.41(3) 25.94 28.27(83) 19.77 28.46(11 C 
FeO* 0.27(20) 0.20(4) 0.42 0.68(14) 1.92 0.86(3) 
MgO 0.07(5) 0.03(1) 0.03 0.12(6) 0.45 0.65(28) 
MnO 0.03(5) 0.00(0) 0.02 0.05(6) 0.18 1.06(13) 
CaO 4.94(40) 5.38(6) 2.46 2.81(26) 0.34 3.26(12c 
Na20 9.27(61) 11.34(31) 9.69 11.87(140) 3.59 9.01(27) 
K20 0.93(29) 0.81(4) 0.67 0.85(31) 4.87 0.73(0) 
Ti02 0.05(6) 0.03(3) 0.00 0.05(3) 0.54 0.03(0) 
Cl 0.59(10) 0.89(2) 0.72 1.14(9) 0.16 0.94(19) 
SO3 12.26(163) 11.43(15) 12.89 10.42(111) 2.28 14.01(1) 
Total 96.92 97.64 96.27 96.74 95.55 96.56 
Sample 72/2 7214 72/5 72/6 72/7 
No. 3 4 3 3 1 
Si02 42.60(15) 41.14(258) 37.68(83) 36.62(62) 40.79 
A1203 27.71(102) 27.34(85) 28.46(51) 27.49(71) 27.34 
FeO` 0.68(52) 0.34(13) 0.78(7) 0.88(31) 2.78 
MgO 0.19(17) 0.17(3) 0.04(1) 0.09(4) 0.16 
MnO 0.13(9) 0.30(11) 0.02(2) 0.04(4) 0.19 
CaO 1.25(163) 3.19(148) 4.09(53) 6.25(43) 5.03 
Na20 10.93(302) 10.80(68) 12.54(63) 13.22(23) 8.60 
K20 0.90(47) 1.33(32) 0.44(1) 0.50(9) 0.54 
Ti02 0.04(1) 0.11(8) 0.05(3) 0.02(2) 0.11 
CI 1.02(50) 0.49(22) 0.46(4) 0.58(9) 0.87 
SO3 12.27(81) 11.32(177) 13.84(24) 12.95(71) 11.80 
Total 97.76 96.62 98.50 98.75 98.36 
Number of analyses 
2 Numbers in brackets are 1a standard deviations of the measurements. 
FeO* Total iron measured as FeO. 
216 
Appendix Phase Compositions 
Table A2 Compositions of experimental pyrrhotites in MB Phon 
Sample dl,, ' at%Fe2 XFeS3 
xp7515 2.08 48.18(49)4 0.93 
xp75/6 2.08 48.30(43) 0.93 
xp7517 2.07 47.94(45) 0.92 
xp75/8 2.07 47.49(34) 0.90 
xp75/9 2.07 47.65(37) 0.91 
xp75/10 2.07 47.72(36) 0.91 
xp75/11 2.06 46.84(47) 0.88 
xp75/12 2.07 47.41(37) 0.90 
xp75/13 2.07 47.72(43) 0.91 
' d1 2 spacing of pyrrhotite by XRD; 1Qs. d. error is 5 0.01. 
1 Atomic percentage of Fe in the pyrrhotite 
3 XFes as defined for egn(4.11); 1as. d. error is :50.01. 
4 Numbers in brackets are 16 standard deviations of the measurements. 
Table A3 Compositions of experimental immiscible sulphide liquids in ß1B Phon 
Sample 36 37 39 60 62 64 
No. ' 1 5 5 1 4 4 
Fee 55.53 57.02(63)' 57.63(60) 46.98 54.93(1215) 58.62(1647) 
S2 38.26 41.56(10) 41.31(64) 35.16 39.83(131) 42.49(1127) 
Total 93.78 98.57 98.94 82.14 94.76 101.11 
XFes3 0.83 0.79 0.80 0.77 0.78 0.79 
Sample 66 68 72/1 72/2 73/11 74/7 
No. 3 3 3 4 1 4 
Fe 47.06(1625) 46.10(1581) 56.55(73) 64.13(37) 56.5 57.18(57) 
S 34.6(1174) 33.64(1112) 41.20(11) 40.19(65) 41.09 40.70(47) 
Total 81.63 79.73 97.75 104.32 97.59 97.88 
XFes 0.57 0.57 0.79 0.92 0.79 0.81 
'Number of analyses. 
2 wt% of element by electron microprobe, using synthetic troilite as a standard 
3 XFes as defined for egn(4.11). 
4 Numbers in brackets are Ia standard deviations of the measurements. 
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Table A4 Compositions of experimental feldspars in MB Phon 
Sample 60 62 7211 72/2 72/4 72/5 74/7 
No. ' 3 2 4 5 3 5 5 
Si02 66.69(9)2 65.88(6) 64.04(128) 63.83(156) 63.56(4) 64.31(41) 66.31(71) 
A1203 19.15(3) 19.04(7) 19.77(32) 19.69(74) 20.56(40) 19.73(22) 19.07(44) 
FeO* 0.41(8) 0.57(1) 0.23(21) 0.32(20) 0.41(5) 0.58(4) 0.12(7) 
MgO 0.00(1) 0.00(0) 0.03(2) 0.02(2) 0.02(1) 0.01(1) 0.01(1) 
MnO 0.01(2) 0.00(0) 0.01(2) 0.02(3) 0.01(1) 0.01(1) 0.01(2) 
CaO 0.35(4) 0.40(24) 0.66(26) 0.20(12) 1.10(44) 0.80(17) 0.08(4) 
Na20 7.25(9) 7.21(41) 7.92(57) 7.68(78) 8.00(19) 8.05(17) 8.50(34) 
K20 6.58(2) 6.47(29) 4.79(85) 6.44(53) 4.28(82) 4.68(12) 4.38(12) 
T1O2 0.04(3) 0.04(5) 0.53(20) 0.39(12) 0.24(5) 0.24(4) 0.19(5) 
Total 100.53 99.67 98.57 99,14 98.52 98.60 98.72 
An 1.64 1.89 3.30 1.00 5.60 4.00 0.40 
Ab 61.58 61.69 68.00 62.50 68.70 68.30 73.20 
Or 36.77 36.42 28.70 36.60 25.70 27.70 26.40 
' Number of analyses. 
2 Numbers in brackets are 1Q standard deviations of the measurements. 
Table A5 Compositions of experimental corundum and mullite in MB Phon 
Sample 71/23 73/11 73/116 7417 74/76 
No. ' 2 4 5 7 7 
Si02 1.80(253)` 0.29(33) 24.59(30) 0.34(21) 25.43(66) 
A1203 95.24(228) 97.93(84) 71.89(30) 97.00(34) 71.09(66) 
FeO* 3.38(99) 2.18(29) 2.13(53) 1.90(34) 1.31(28) 
MgO 0.02(1) 0.03(4) 0.06(3) 0.04(3) 0.09(6) 
MnO 0.20(15) 0.16(18) 0.18(13) 0.25(17) 0.16(15) 
CaO 0.04(0) 0.02(2) 0.01(1) 0.01(2) 0.01(1) 
Na20 0.13(14) 0.04(4) 0.45(7) 0.03(4) 0.35(13) 
K20 0.24(5) 0.05(5) 0.04(2) 0.04(3) 0.06(2) 
T102 0.69(11) 0.99(39) 0.94(13) 1.10(41) 1.12(19) 
Total 101.42 101.53 100.29 100.48 99.72 
'Number of analyses. 
2 Numbers in brackets are Ia standard deviations of the measurements. 
1 Mullite analysis. 
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Table A6 Compositions of experimental clinopyroxenes in MB Phon 
Sample 36(a)" 36(b)" 39 62 
No. ' 6 2 5 3 
SiO2 51.05(9)2 50.71(129) 53.37(48) 51.21(35) 
A1203 0.18(12) 3.75(291) 1.56(23) 1.62(63) 
FeO* 1.23(23) 14.67(140) 2.44(34) 10.46(166) 
MgO 0.28(6) 6.79(283) 15.11(42) 12.39(35) 
MnO 1.14(15) 1.33(30) 0.93(5) 1.67(10) 
CaO 45.29(17) 18.35(285) 22.83(27) 20.67(23) 
Na20 0.09(3) 2.38(77) 1.30(16) 1.71(22) 
K20 0.19(4) 0.62(73) 0.10(3) 0.18(8) 
Ti02 0.13(13) 0.85(13) 1.46(39) 1.12(43) 
Total 99.95 99.75 99.34 101.78 
CaFeTs 0.40 0.00 0.00 3.70 
CaTiTs 0.40 2.50 1.90 3.10 
Ae 0.70 10.00 2.30 12.20 
Jd 0.00 7.70 3.00 0.00 
CaEs 0.00 3.00 0.00 0.00 
En 0.80 19.40 41.40 34.10 
Fs 2.70 20.70 4.00 8.20 
Wo 94.10 35.40 44.10 37.10 
' Number of analyses. 
2 Numbers in brackets are 16 standard deviations of the measurements. 
v Coexisting immiscible clinopyroxenes from xp36. 
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Table A7 Compositions of experimental iron-titanium oxides in MB Phon 
Sample 58 70/8 70/10 70/11 70/12 71/19 
No. ' 3 3 3 1 1 6 
Si02 1.16(163)2 0.05(6) 0.08(6) 0.07(5) 0.13(8) 0.11(16) 
A1203 0.31(43) 7.65(82) 1.95(56) 1.26(49) 1.27(63) 1.67(18) 
FeO* 36.69(46) 81.53(135) 83.7(149) 85.97(176) 85.03(152) 78.47(137) 
MgO 1.68(21) 1.78(15) 1.88(46) 1.77(64) 1.85(25) 0.83(10) 
MnO 8.94(95) 0.02(12) 0.05(15) 0.08(11) 0.04(3) 0.19(16) 
Ti02 46.47(322) 3.15(94) 3.12(76) 2.23(67) 2.26(57) 7.21(123) 
Total 95.25 94.18 90.78 91.38 90.58 88.48 
%U/13 91.04 11.36 9.05 6.24 6.35 13.44 
Sample 71/22 71/23 72/4 72/6 73/8 74/4 
No. 10 2 2 3 1 4 
Si02 0.06(4) 0.13(7) 2.06(260) 0.27(6) 0.13 0.08(2) 
A1203 3.63(54) 4.29(70) 1.61(130) 0.80(16) 3.97 0.71(5) 
FeO* 79.83(132) 76.69(262) 63.65(166) 79.26(360) 76.81 78.64(59) 
MgO 0.31(10) 0.07(6) 1.85(15) 1.36(95) 0.31 1.26(4) 
MnO 0.12(14) 0.13(11) 1.82(129) 1.00(77) 0.23 1.02(8) 
Ti02 5.46(145) 7.99(193) 16.16(420) 5.26(212) 8.94 7.87(27) 
Total 89.41 89.30 87.15 87.95 90.39 89.58 
%U/I 10.93 16.99 30.09 5.96 18.00 12.18 
'Number of analyses 
2 Numbers in brackets are Ia standard deviations of the measurements. 
3 U, mol% of ulvöspinel in the spinel oxide; I, mol% of ilmenite in the rhombohedral 
oxide. Both calculated using the normalisation procedure of Stormer (1983) 
FeO* Total iron measured as FeO. 
Table A8 Compositions of experimental sphenes in MB Phon 
Sample 39 64 
No. ' 2 2 
S102 31.59(262)2 28.52(22) 
A1203 2.06(132) 0.96(5) 
FeO* 1.01(7) 0.19(9) 
CaO 24.48(156) 24.73(63) 
Na2O 0.55(17) 0.74(17) 
K20 0.46(27) 0.20(1) 
T102 33.09(227) 33.42(176) 
Zr02 0.00(0) 5.11(208) 
Total 93.75 94.53 
'Number of analyses 
2 Numbers in brackets are 1a standard deviations of the measurements. 
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A2 Phases in BT7 
Table A9 Composition of experimental anhydrite in BT7 
Sample 70/1 71/7 71/9 71/11 72/15 73/18 
No. ' 1 2 2 1 1 2 
Si02 0.41 0.27(23)2 0.72(37) 1.20 0.63 0.39(9) 
A1203 0.06 0.04(1) 0.12(10) 0.17 0.08 0.05(1) 
FeO* 0.01 0.14(5) 0.02(3) 0.02 0.06 0.03(4) 
MgO 0.06 0.09(2) 0.03(2) 0.00 0.10 0.01(1) 
MnO 0.11 0.06(4) 0.02(2) 0.09 0.43 0.07(3) 
CaO 40.77 42.60(236) 41.96(58) 38.98 40.63 40.63(44) 
Na20 0.05 0.12(4) 0.06(3) 0.03 0.12 0.06(3) 
K20 0.14 0.10(5) 0.16(0) 0.21 0.16 0.10(5) 
SO3 59.23 59.70(262) 60.20(166) 57.06 56.56 58.70(1) 
Total 100.84 103.50 103.86 98.06 99.51 100.04 
Number of analyses 
` Numbers in brackets are 1a standard deviations of the measurements 
FeO* Total iron measured as FeO 
Table A10 Compositions of experimental pyrrhotites in BT7 
Sample d102' at%Fe2 XFOS3 
xp75/19 2.07(1)` 47.77(44) 0.92(2) 
xp75/20 2.06(4) 46.50(358) 0.87(13) 
xp75/21 2.07(0) 47.49(39) 0.90(1) 
xp75/22 2.07(1) 47.6(42) 0.91(2) 
xp75/23 2.06(1) 46.87(44) 0.88(2) 
xp75/24 2.07(0) 47.19(34) 0.89(1) 
xp75/25 2.07(0) 47.60(37) 0.91(1) 
1 d, 02 spacing of pyrrhotite by XRD; Ias. d. error is <_ 0.01 
Z Atomic percentage of Fe in the pyrrhotite 
3 XFCs as defined for egn(3.11); 1as. d. error is 5 0.01. 
4 Numbers in brackets are 1a standard deviations of the measurements. 
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Table All Compositions of experimental immiscible sulphide liquids in MB Phon 
Sample 42 59 65 67 
No. ' 1 2 2 3 
Fee 56.73 55.12(301) 61.37(262) 48.04(69) 
S 41.79 39.96(243) 40.21(52) 36.26(228) 
Total 98.52 95.08 101.58 84.27 
XFeS3 0.78 0.79 0.88 0.58 
Sample 69 72/12 72/13 
No. 21 1 
Fe 57.48(55) 58.12 62.48 
S 41,82(39) 37.54 43.18 
Total 99.30 95.66 105.66 
XFes 0.79 0.89 0.83 
'Number of analyses. 
2 wt% of element by electron microprobe using synthetic troilite as standard for both Fe 
and S. 
3 XFes as defined for egn(4.11). 
4 Numbers in brackets are 1Q sta ndard deviations of the measurements. 
Table A12 Compositions of experimental feldspars in BT7 
Sample 71/8 72/12 72/16 72/17 59 61 63 65 
No. ' 1 1 1 1 3 5 3 1 
Si02 62.67 60.31 50.43 59.22 66.28(37)2 66.37(23) 65.78(92) 60.07 
A1203 10.79 24.98 31.65 10.41 18.44(4) 18.69(15) 18.60(14) 24.62 
FeO* 15.74 1.07 0.00 0.99 0.14(5) 0.13(9) 0.16(3) 0.35 
CaO 0.05 6.33 13.12 0.38 0.24(3) 0.27(8) 0.23(9) 6.58 
Na20 1.68 7.37 2.48 13.39 4.30(7) 4.45(19) 4.37(13) 7.22 
K20 3.54 1.13 0.87 3.89 10.49(25) 10.31(33) 10.36(26) 0.65 
Total 94.47 101.19 98.55 88.28 99.89 100.22 99.5 99.49 
An 0.70 31.30 71.40 1.40 1.17 1.31 1.12 32.22 
Ab 40.20 62.10 23.00 82.00 37.94 39.09 38.63 63.99 
Or 59.10 6.60 5.60 16.70 60.89 59.60 60.25 3.79 
Number of analyses. 
2 Numbers in brackets are 1Q standard deviations of the measurements. 
FeO* Total iron measured as FeO 
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Table A13 Comp ositions of experimental quartz in BT7 
Sample 72/12 72/13 72/14 72/15 74/14 42 61 
No. ' 3 1 3 3 1 2 3 
Si02 100.68(7)2 101.11 101.25(12) 101.12(12) 100.11 99.96(9) 100.90(30) 
A1203 0.04(1) 0.02 0.03(2) 0.03(2) 0.27 0.04(1) 0.03(2) 
FeO* 0.04(6) 0.28 0.00(0) 0.00(0) 0.07 0.03(5) 0.05(5) 
MgO 0.00(0) 0.00 0.01(2) 0.00(0) 0.01 0.00(0) 0.01(0) 
MnO 0.12(13) 0.00 0.08(15) 0.00(0) 0.00 0.02(2) 0.02(2) 
CaO 0.00(1) 0.00 0.00(0) 0.00(1) 0.00 0.00(0) 0.00(0) 
Na20 0.04(2) 0.03 0.01(1) 0.01(2) 0.02 0.00(0) 0.01(1) 
K20 0.01(1) . 0.00 0.00(0) 0.00(0) 0.01 
0.01(1) 0.00(1) 
TiO2 0.02(2) 0.00 0.01(1) 0.02(3) 0.03 0.00(0) 0.01(2) 
Total 101.00(10) 101.57 101.43(16) 101.21(17) 100.56 100.07 101.08 
'Number of analyses. 
2 Numbers in brackets are 1a standard deviations of the measurements 
FeO* Total iron measured as FeO 
Table A14 Compositions of experimental corundum and mullite in BT7 
Sample 71/1 71/3 73/23 73/24 74/13 
No. ' 1 2 4 1 1 
Si02 33.56 27.95(545)2 30.14(324) 3.94 9.30 
A1203 64.39 68.24(868) 69.86(353; 95.46 89.44 
FeO* 3.66 2.27(64) 1.75(117; 1.75 0.36 
MgO 0.01 0.03(2) 0.01(1) 0.00 0.01 
MnO 0.00 0.02(3) 0.21(20) 0.00 0.03 
CaO 0.01 0.00(0) 0.01(1) 0.00 0.02 
Na20 0.62 0.48(10) 0.15(9) 0.07 0.19 
K20 1.42 1.39(50) 0.31(23) 0.28 0.49 
Ti02 0.10 0.06(0) 0.09(8) 0.00 0.23 
Total 103.86 100.74 102.53 101.50 100.21 
'Number of analyses. 
2 Numbers in brackets are 1a standard deviations of the measurements. 
FeO* Total iron measured as FeO 
Analyses in italics are contaminated 
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Table A15 Compositions of experimental iron-titanium oxides in BT7 
Sample 71/1 71/4 71/7 71/8 71/8 
No. ' 3 2 2 5 2 
Si02 0.32(36)2 1.73(22) 0.31(25) 0.25(36) 0.38(45) 
A1203 4.12(52) 3.33(80) 2.66(37) 2.20(20) 2.08(40) 
FeO* 81.46(101) 81.95(9) 85.07(14) 80.71(388) 47.47(792) 
MgO 0.05(1) 0.07(1) 0.03(2) 0.18(9) 0.17(3) 
MnO 0.00(0) 0.04(0) 0.03(4) 0.04(3) 0.05(7) 
T1O2 1.85(53) 1.77(2) 0.85(34) 5.97(413) 43.70(1069) 
Total 87.8 88.89 88.95 89.36 93.84 
%13 3.90 3.61 1.67 12.05 90.17 
Sample 71/9 72/15 72/16 72/17 73/22 
No. 4 2 2 1 1 
Si02 0.01(1) 0.29(24) 0.51(52) 0.5 6.21 
A1203 1.43(10) 4.20(176) 2.72(114) 1.4 1.4 
FeO* 80.64(86) 80.00(91) 86.02(26) 86.87 4.21 
MgO 0.69(8) 0.26(0) 0.04(5) 0.15 0 
MnO 0.16(3) 0.06(8) 0.00(0) 0.11 0.09 
Ti02 8.49(73) 3.74(81) 0.54(25) 3.24 86.48 
Total 91.42 88.55 89.83 92.27 98.39 
%1 15.65 7.4 1.03 6.05 n/a 
'Number of analyses 
2 Numbers in brackets are 16 standard deviations of the measurements. 
3 I, mol% of ilmenite in the rhombohedral oxide; calculated using the normalisation 
procedure of Stormer (1983) 
FeO* Total iron measured as FeO. 
n/a Not applicable. 
Analysis in bold is of a rutile crystal; other analyses are of ilmenite-hematites. 
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